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EXECUTIVE  SUMMARY 


This  report  discusses  a  wide  range  of  innovative  diagnostic  tools  for  characterization  and 
remedial  performance  assessment  at  chlorinated  solvent-contaminated  sites.  The  uncertainty 
faced  by  practitioners  while  making  decisions  regarding  remediation  at  such  sites  is  a  significant 
challenge,  as  is  the  decision  of  whether  to  expend  additional  resources  to  use  one  or  more  new 
diagnostic  tools  to  decrease  that  uncertainty.  This  project  was  an  effort  to  test  certain  tools  and 
then  develop  qualitative  guidelines  regarding  the  value  of  information  provided  by  those  tools. 

Introduction 

Despite  more  than  40  years  of  experience,  groundwater  industry  professionals  still  face  many 
technical,  economic,  and  regulatory  challenges  for  cleanup  of  contaminated  soil  and  groundwater 
in  the  U.S.  and  worldwide.  Over  the  past  decade,  however,  considerable  investment  in  innovative 
diagnostic  tools  has  raised  expectations  that  contaminated  soil  and  groundwater  at  many  sites  can 
now  be  characterized  and  remediated  or  restored  to  concentrations  that  allow  for  unrestricted 
beneficial  use  of  the  damaged  resource.  This  summary  report  captures  the  lessons  learned  from 
the  testing  of  five  diagnostic  tools  at  three  field  demonstrations  as  part  of  this  project  funded  by 
Environmental  Security  Technology  Certification  Program  (ESTCP).  These  lessons  learned  are 
intended  to  provide  the  Department  of  Defense  (DoD)  with  technical  guidance  on  the  use  of 
these  and  other  diagnostic  tools  at  chlorinated  solvent-contaminated  sites  for  site  characterization 
and  process  and  performance  assessment  of  in-situ  technologies. 

Three  demonstration  sites  were  chosen  for  this  study  including  (1)  Watervliet  Arsenal,  New 
York,  (2)  Vandenberg  Air  Force  Base  (VAFB),  California  and  (3)  Fort  Lewis  Logistics  Center, 
Washington.  The  sites  illustrate  some  of  the  types  of  remedial  challenges  faced  at  a  number  of 
DoD  sites  nationwide,  and  are  located  in  distinctly  different  hydrogeologic  environments.  In-situ 
chemical  and  biological  remediation  technologies  were  implemented  at  two  of  these  sites  to 
address  soil  and  groundwater  impacted  by  chlorinated  solvents  and  other  volatile  organic 
compounds  (VOCs),  providing  the  opportunity  to  evaluate  a  variety  of  conventional  and 
innovative  diagnostic  tools  for  a  range  of  data  objectives.  A  range  of  innovative  diagnostic  tools 
for  quantifying  the  success  of  in-situ  remedial  technologies  was  tested  and  assessed  at  these  three 
sites  (Table  ES-1). 

The  five  diagnostic  tools  evaluated  by  this  study  are  capable  of  evaluating  the  following  site 
characterization  and  remedial  performance  assessment  issues,  which  are  each  partly  geology-, 
contaminant-,  or  technology-specific: 

•  Vertical  distribution  of  contaminants  in  the  dissolved  and  adsorbed  phase  through  the 
use  of  multi-level  monitoring  systems. 

•  Assessment  of  distribution  of  chlorinated  solvents  in  consolidated  media  and 
performance  assessment  of  in-situ  technologies  with  rock  matrix  characterization. 

•  Confirmation  of  in-situ  chemical  or  biological  transformations  of  chemicals  of 
concern  via  compound  specific  isotope  analysis  (CSIA). 

•  Comparison  of  mass  flux/mass  discharge  measurement  technologies  for  both  process 
and  performance  assessment. 
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•  Optimizing  process  performance  of  in-situ  bioremediation  through  the  use  of 
molecular  biological  tools  (MBTs). 

Table  ES-1.  Field  Sites  for  Evaluation  of  Diagnostic  Tools 


Diagnostic  Tool 

Field  Site 

Watervliet  Arsenal 

Vandenberg  AFB 

Fort  Lewis 

Multi-Level  Monitoring  Systems 

V 

y 

Rock  Matrix  Characterization 

V 

Mass  Flux  Measurement 

Passive  flux  meter 

V 

y 

Transect  method 

V 

V 

y 

Steady-state  pumping 

V 

Recirculation  flux  measurement 

V 

Integral  pumping  test 

V 

Compound  Specific  Isotope 
Analysis 

V 

y 

Molecular  Biological  Tools 

y 

Background  on  the  Field  Sites 

Watervliet  Arsenal,  located  in  Watervliet,  New  York,  is  a  140-acre  government-owned 
installation  that  was  used  to  manufacture  small  arms  ammunition,  cannons,  and  guns  since  the 
mid- 1800s.  The  primary  contaminants  are  tetrachloroethene  (PCE),  trichloroethene  (TCE),  and 
their  degradation  products.  The  concentrations  of  these  VOCs  indicated  the  presence  of  dense 
non-aqueous  phase  liquids  (DNAPLs).  The  remedial  technology  used  at  Watervliet  Arsenal  was 
in-situ  chemical  oxidation  (ISCO)  using  permanganate. 

VAFB  is  located  along  the  Pacific  Coast  in  Santa  Barbara  County,  California.  VAFB’s  Site  60  is 
located  in  a  small  canyon  at  the  southern  edge  of  the  east-west-oriented  Santa  Ynez  Valley.  A 
well-characterized  area  with  existing  infrastructure  within  Site  60  was  chosen  for  controlled 
injection  of  bromide,  which  is  commonly  used  as  a  conservative  tracer  compound  because  its 
fate  and  transport  are  not  affected  by  microbial  degradation  or  geochemistry.  This  setting 
provided  a  suitable  geologic  setting  for  the  comparison  of  four  different  diagnostic  tools  capable 
of  measuring  mass  flux. 

At  the  East  Gate  Disposal  Yard  at  the  Fort  Lewis  Logistics  Center  in  Pierce  County, 

Washington,  chlorinated  solvent  source  areas  caused  by  landfill  trenching  and  disposal  at  this 
site  are  underlain  by  glacial  deposits  ranging  from  sandy  gravels  with  frequent  cobbles  to  glacial 
till  (gravel  in  a  matrix  of  sand,  silt,  and  clay)  interspersed  locally  with  lenses  of  sand,  silty  sand, 
and  clay.  Groundwater  is  located  approximately  10  ft  bgs,  and  residual  TCE  DNAPL  is  believed 
to  be  present  to  depths  of  about  40  ft  bgs.  At  this  particular  source  area  within  the  Disposal  Yard, 
an  in-situ  bioremediation  technology  was  employed  to  reduce  the  extent  of  chlorinated  solvent 
contamination.  Cheese  whey  was  chosen  as  the  electron  donor  compound  to  enhance  the 
anaerobic  degradation  of  the  target  compounds. 


Background  on  Diagnostic  Tools 


Diagnostic  tools  satisfy  a  critical  need  in  the  cleanup  of  contaminated  sites.  These  tools  provide 
data  needed  to  optimize  the  cleanup  process,  with  the  goals  of  meeting  all  remedial  action 
objectives  (RAOs)  while  reducing  life-cycle  costs. 

At  contaminated  sites,  a  wide  range  of  technologies  has  been  developed  to  address  the  cleanup  of 
contaminated  groundwater.  Aside  from  the  widely  used  “pump-and-treaf  ’  technology,  in-situ 
technologies  have  become  the  primary  option  for  source  and  plume  cleanup  (USEPA,  2003; 
National  Research  Council  [NRC],  2004;  ITRC,  2004;  Kavanaugh  and  Kresic,  2008).  These 
include  chemical  oxidation  and  reduction  technologies,  microbially-mediated  oxidation  or 
reduction  technologies,  and  thermal  technologies.  Diagnostic  tools  are  needed  to  optimize  the 
operations  of  each  of  these,  and  to  ensure  that  they  achieve  the  desired  RAOs.  In  contrast  to  ex- 
situ  technologies  which  have  well-defined  influent  and  effluent  streams  allowing  for  convenient 
process  monitoring  and  control  (e.g.,  granular  activated  carbon  systems),  in-situ  technologies  are 
installed  in  complex  and  highly  heterogeneous  subsurface  environments.  This  complicates 
monitoring  strategies  because  of  the  potential  for  inaccurate  results  if  the  monitoring  systems  are 
placed  in  locations  that  do  not  reflect  the  controlling  processes  in  the  subsurface.  It  has  been 
established  that  in  both  unconsolidated  and  consolidated  media,  preferential  flow  paths  are  the 
norm  and  not  the  exception  (see,  for  example,  Payne  et  al.,  2008;  Sale  et  al.,  2008). 

In  addition  to  hydrogeologic  complexities  in  the  subsurface,  monitoring  of  in-situ  remedies  is 
further  complicated  by  the  diversity  of  microbial  populations  in  the  subsurface,  the  spatial 
variability  of  geochemical  properties  (e.g.,  pH,  oxidation-reduction  potential,  temperature, 
chemical  speciation),  and  the  complex  distribution  and  orientation  of  any  NAPLs  (i.e.,  the  so- 
called  “architecture”  in  the  subsurface,  for  example  NAPE  pools  or  vertically  distributed 
ganglia).  This  complexity  results  in  the  need  to  develop  diagnostic  tools  that  address  site-specific 
features.  These  features  can  be  technology-,  geology-,  or  chemical-specific.  Examples  include 
MBTs  for  in-situ  bioremediation,  rock  coring  tools  for  consolidated  media  and  tools  for 
characterizing  the  nature  and  extent  of  NAPLs.  Other  useful  diagnostic  tools  include 
technologies  to  demonstrate  that  chemical  or  biological  transformations  are  occurring  in  the 
subsurface  at  rates  that  can  result  in  accelerated  cleanup.  CSIA  is  the  best  example  of  such  an 
innovative  diagnostic  tool. 

The  applicability  of  the  diagnostic  tools  of  this  study  to  various  steps  in  the  remedial  process, 
hydrogeologic  settings,  and  remedial  technologies  are  indicated  in  Table  ES-2,  Table  ES-3,  and 
Table  ES-4,  respectively. 
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Table  ES-2.  Potential  Applicability  of  Diagnostic  Tools  to  Stages  of  the  Remedial  Process 


Diagnostic  Tool 

Remedial  Process 

Site 

Characterization 

Remedy 

Selection 

Remedy 

Design 

T  roubleshooting/ 
Optimization 

Final  Site 
Management 

Multi-Level  Monitoring 
Systems 

Rock  Matrix 
Characterization 

Y 

>/ 

Y 

Mass  Flux  Measurement 

Synoptic  sampling  (transect 
method) 

Y 

>/ 

Y 

Steady-state  pumping  (SSP) 

>/ 

>/ 

Passive  flux  meter  (PPM) 

>/ 

Recirculation  flux 
measurement  (RFM) 

Y 

>/ 

Y 

Compound  Specific 

Isotope  Analysis 

Molecular  Biological  Tools 

Table  ES-3.  Applicability  of  Diagnostic  Tools  to  General  Hydrogeologic  Settings 


Diagnostic  Tool 

Hydrogeologic  Setting 

I 

H 

III 

IV 

V 

Granular 
Media  with 
Mild 

Heterogeneity 
and  Moderate 
to  High 
Permeability 

Granular  Media 
with  Mild 
Heterogeneity 
and  Low 
Permeability 

Granular 
Media  with 
Moderate  to 
High 

Heterogeneity 

Fracture 
Media 
with  Low 
Matrix 
Porosity 

Fracture 
Media 
with  High 
Matrix 
Porosity 

Multi-Level  Monitoring  Systems 

Rock  Matrix  Characterization 

Mass  Flux  Measurement 

Synoptic  sampling  (transect  method) 

SSP 

V 

PPM 

RFM 

Y 

Compound  Specific  Isotope 

Analysis 

Y 

V 

Molecular  Biological  Tools 

Note:  See  NRC,  2005  for  detailed  descriptions  of  generic  geologic  settings 
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Table  ES-4.  Applicability  of  Diagnostic  Tools  to  Selected  Generic  Remedial  Technologies 


Diagnostic  Tool 

Applicable  Generic  Remedial  Technology 

Groundwater 
Extraction  and 
Treatment 

In-Situ  Chemical 
Oxidation 

In-Situ 

Bioremediation 

Thermal 

Treatment 

Multi-Level  Monitoring  Systems 

V 

V 

V 

V 

Rock  Matrix  Characterization 

V 

V 

V 

Mass  Flux  Measurement  (all  types) 

V 

V 

V 

V 

Compound  Specific  Isotope  Analysis 

V 

V 

Molecular  Biological  Tools 

V 

Advantages  of  Diagnostic  Tools 

Collectively,  important  potential  advantages  of  these  diagnostic  tools  include  the  following: 

•  A  more  accurate  and  detailed  conceptual  site  model  (CSM),  which  can  result  in 
optimum  selection  and  design  of  in-situ  remedies 

•  More  accurate  performance  assessment  in  real  time,  resulting  in  more  efficient 
operation  of  the  remedy  or  optimization  of  the  remedy  after  remedy  installation 

•  Assessment  of  the  feasibility  of  achieving  certain  endpoints,  such  as  background 
concentrations  or  maximum  contaminant  levels  (MCLs)  in  groundwater  that  is 
defined  as  a  potential  source  of  drinking  water 

•  Confirmation  of  in-situ  processes  that  result  in  transformation  of  the  chemicals  of 
concern  to  non-toxic  byproducts  (e.g.,  by  using  CSIA  or  MBTs)  and  estimates  of  the 
rate  of  transformation 

•  Alternative  and  often  more  meaningful  metrics  for  performance  assessment  (e.g., 
mass  flux-mass  discharge) 


Value  of  Information  (VOI)  Analysis 

Application  of  these  diagnostic  tools  generally  requires  additional  investment  beyond  that 
necessary  for  conventional  characterization  and  performance  assessment  tools.  Thus,  a 
significant  challenge  is  determining  the  value  proposition  for  the  use  of  these  tools. 

One  of  the  most  significant  challenges  in  the  cleanup  of  chlorinated  solvent-contaminated  sites  is 
determining  whether  the  degree  of  uncertainty  in  the  values  of  relevant  physical,  chemical, 
and/or  biological  parameters  is  sufficiently  small  such  that  decision-makers  are  reasonably 
confident  of  making  remediation  and/or  site  closure  decisions  based  on  site  data.  Determining 
whether  additional  information  is  needed  to  enhance  the  quality  of  site  decisions  is  a  primary 
function  of  site  stakeholders.  In  simple  terms,  one  must  decide  whether  the  expense  of  using 
alternative  diagnostic  tools  provides  sufficient  value  to  warrant  their  use.  This  is  a  classic  “Value 
of  Information”  (VOI)  problem  within  the  context  of  decision-making  under  uncertainty. 
Conceptually,  VOI  analysis  is  described  in  economic  terms,  requiring  an  analysis  of  the  impact 
of  additional  information  on  the  expected  value  of  the  decision.  The  decision-maker(s)  must 
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compare  the  expected  value  of  a  decision  made  with  the  imperfect  (uncertain)  information  at 
hand  to  the  expected  value  of  the  decision  with  the  new  information  to  be  gathered. 

A  qualitative  VOI  analysis  was  applied  to  selection  of  innovative  diagnostic  tools  relying  on 
various  specific  or  relative  attributes  of  the  tools  themselves  and  their  applicability  to  a  site- 
specific  issue.  Some  of  these  attributes  include  the  following: 

•  Maturity  of  the  Tool:  A  diagnostic  tool  is  similar  to  any  new  technology  that  must 
pass  through  a  maturation  process,  including  proof  of  concept,  field  testing,  and 
finally,  commercialization.  The  innovative  tools  tested  in  this  project  are  generally 
commercially  available,  have  had  varying  degrees  of  field  testing  and  evaluation,  but 
are  not  yet  widely  or  routinely  used. 

•  Applicability  to  Site  Characteristics:  Some  diagnostic  tools  are  only  suitable  for 
certain  site  geologic  conditions. 

•  Applicability  to  Specific  In-Situ  Technology:  Certain  diagnostic  tools  are  only 
applicable  to  a  specific  technology. 

•  Implementation  at  the  Site  of  Interest:  The  ease  of  implementation  of  a  diagnostic 
tool  at  a  particular  site  is  also  a  relevant  criterion  for  selection.  Physical  constraints  at 
a  site  (e.g.,  above-ground  structures)  may  limit  the  applicability  of  a  given  tool. 
Complex  operating  requirements  and  associated  components  of  a  tool  may  also  limit 
its  usefulness. 

•  Detection  Limits,  Accuracy,  and  Precision  of  the  Tool:  Sufficient  field  data  should 
be  available  to  determine  if  the  diagnostic  tool  provides  detection  limits  relevant  to 
the  chemicals  of  concern,  and  that  the  reported  values  of  the  data  produced  through 
use  of  the  tool  are  of  sufficient  accuracy  and  precision  to  improve  decision-making. 
This  issue  is  susceptible  to  statistical  analysis,  but  ultimately,  professional  judgment 
is  required  because  of  site  complexities,  diverse  hydrogeochemical  environments,  and 
the  likely  limited  amount  of  field  data  available. 

•  Uniqueness  of  Data  Gathered  by  the  Tool:  If  a  diagnostic  tool  provides  unique  data 
that  cannot  be  obtained  using  other  methods,  that  tool  has  essentially  a  “competitive” 
advantage  compared  to  other  techniques.  In  this  case,  the  value  of  the  information 
must  be  considered  in  the  context  of  the  remedial  process  decision. 

•  Cost  Relative  to  Similar  Methods:  A  final  criterion  for  selection  of  these  tools  is  the 
relative  cost  of  application  of  the  diagnostic  tool  compared  to  alternative  or 
conventional  techniques  or  other  tools  that  can  provide  equivalent  information.  This 
criterion  is  only  applicable  if  there  are  competing  methods  for  obtaining  the  same 
data. 

The  attributes  relevant  to  the  determination  of  value  of  information  are  qualitatively  evaluated  in 
this  report  for  each  tool.  A  summary  of  the  evaluation  of  attributes  of  the  tools  relevant  to  a  value 
of  information  analysis  is  provided  in  Table  ES-5.  Because  of  the  extent  of  uncertainty  related  to 
the  multiple  attributes,  the  evaluation  in  Table  ES-5  is  based  on  professional  judgment,  in 
addition  to  the  results  of  the  field  testing  of  this  project  and  results  from  other  field  sites  with 
which  the  authors  are  familiar. 
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Table  ES-5.  Summary  of  Evaluation  of  Value  of  Information  Attributes 


Attribute 

Multi-level 
monitoring  systems 

Rock  matrix 
characterization 

MF/MD 

CSIA 

MBTs 

Maturity  of  the 
tool 

Mature;  commercially 
available 

Mature;  commercially 
available 

Maturing;  some  tools 
commercially  available 

Mature;  commercially 
available 

Variable  among  tools; 
some  tools 

commercially  available 

Applicability  to 
site 

characteristics 

Applicable 

Applicable  to 
consolidated  media 

Consider  site 

characteristics 

carefully 

Applicable 

Applicable 

Applicability  to 
specific  in-situ 
technology 

May  be  incompatible 
with  certain  oxidants 
or  high  temperatures 

Applicable 

Applicable 

Applicable  to 
bioremediation,  abiotic 
in-situ  treatment  (e.g., 
chemical  oxidation), 
MNA 

Applicable  to 
processes  involving 
biological 
transformations 

Ease  of 

implementation 

Generally 

implementable 

Involves  significant 
time  and  effort 

Depends  on  site  and 
level  of  prior 
characterization 

Implementable 

Some  tools  limited  by 
logistical  issues  (e.g., 
lack  of  standardized 
methods) 

Detection 

limits, 

accuracy,  and 
precision 

More  precise  than 
conventional 
monitoring;  several 
variables  impact 
accuracy 

Sufficient  for 
chlorinated  solvents  in 
fractured  rock 

Depends  on  accuracy 
of  prior 

characterization;  mixed 
results  regarding  PFMs 

Some  variability; 
important  to  follow 
guidelines  to  achieve 
acceptable  data  quality 

Sufficient  for  some 
tools  (e.g.,  PCR);  other 
tools  are  qualitative 

Uniqueness  of 
data 

Unique 

Unique 

Unique 

Unique 

Unique 

Cost 

Short-term  costs  likely 
to  result  in  long-term 
savings 

NA;  provides  unique 
data 

Site-specific 

NA;  provides  unique 
data 

NA;  provides  unique 
data 

NA  =  not  applicable 


Summary  of  Results 


A  summary  of  recommendations  for  each  of  the  tools  is  provided  in  Table  ES-6.  When 
implemented  according  these  recommendations,  the  tools  evaluated  in  this  project  can  provide 
sufficient  value  of  information  for  decision-making  to  justify  the  additional  investment  beyond 
conventional  characterization  and  performance  assessment. 

Table  ES-6.  Recommendations  for  Application  of  Innovative  Diagnostic  Tools  at 
Chlorinated  Solvent-Contaminated  Sites 


Diagnostic  Tool 

Recommendations 

Multi-Level  Monitoring 
Systems 

Use  MLM  systems  for  vertical  delineation  of  hydrogeologic 
properties  and  contaminant  concentrations,  particularly  at  sites 
with  subsurface  heterogeneity. 

Balance  relevant  criteria  for  the  selection  of  the  most  appropriate 
MLM  system  for  a  given  site. 

Rock  Matrix 

Characterization 

Consider  rock  matrix  characterization  as  a  characterization  tool  at 
consolidated  sites,  but  carefully  weigh  the  potential  value  of 
information  collected  from  the  technique  against  its  cost. 

Mass  Flux  Measurement 

Mass  flux/discharge  should  be  calculated  at  all  contaminated 
sites,  if  possible,  because  it  can  be  used  to  improve  remedial 
decisions  made  at  various  stages  of  the  cleanup  process. 

Consider  the  site  hydrogeologic  setting  when  selecting  the  mass 
flux/mass  discharge  measurement  method. 

Follow  best  practices  during  field  implementation  to  increase  the 
accuracy,  usefulness,  and  cost-effectiveness  of  mass  flux/mass 
discharge  measurement  methods. 

Compound  Specific  Isotope 
Analysis  (CSIA) 

Use  CSIA  for  multiple  purposes  throughout  site  characterization 
and  remediation. 

Conduct  baseline  CSIA  measurements  and  analyses  to  confirm 
the  required  detection  limits  are  achievable. 

Overall,  use  CSIA  data  to  complement  conventionally  generated 
anal5dical  data  and  vice  versa. 

Molecular  Biological  Tools 

Use  qPCR  at  chlorinated  solvent  sites  to:  (1)  decide  whether  to 
bioaugment,  (2)  troubleshoot  engineered  bioremediation  or 
monitored  natural  attenuation,  or  (3)  provide  a  supporting  line 
of  evidence  for  biodegradation. 

Evaluate  standard  geochemical  parameters  in  groundwater  before 
using  MBTs  for  information  for  characterization  and  for 
troubleshooting  many  operational  issues  related  to 
biodegradation  of  chlorinated  solvents. 

Do  not  conduct  routine  molecular  evaluation  of  methanogenic 
populations  unless  site-specific  conditions  require  detailed 
evaluation  of  these  populations. 
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Table  8-6  summarizes  the  applieability  of  innovative  diagnostic  tools  for  various  stages  of  the 
remedial  decision-making  process,  based  on  the  value  of  information  provided  by  the  tool  for 
each  decision-making  point. 

Table  ES-7.  Applicability  of  Innovative  Diagnostic  Tools  at  Chlorinated  Solvent  Sites 


Remedial  Decision 

Multi-level 

monitoring 

Rock 

matrix 

MF/MD 

CSIA 

MBTs 

Pre-remedy 

characterization  and  CSM 
development 

5 

5 

5 

4 

2 

Selection  of  remedial 
technologies 

4 

4 

3 

1 

3 

Performance  assessment 

4 

3 

4 

4 

3 

Process  modification/ 
optimization 

4 

1 

3 

3 

3 

Confirming  degradation 
processes 

2 

1 

1 

5 

4 

Estimating  risks  to 
receptors 

4 

1 

4 

1 

1 

Transition  to  LTM  or  NFA 

4 

1 

4 

3 

3 

Note:  1  =  Not  applicable,  5  =  Extremely  useful  and/or  applicable 


While  Table  ES-7  provides  guidance  regarding  the  applicability  of  diagnostic  tools  for  various 
stages  of  the  decision-making  process  for  remediation  at  chlorinated  solvent  sites,  there  are  many 
factors  to  consider  in  the  selection  of  the  most  appropriate  and  informative  tools.  These  factors 
are  discussed  throughout  this  report.  In  each  case,  therefore,  the  selection  and  use  of  diagnostic 
tools  will  be  site-specific.  However,  this  report  provides  relevant  criteria  to  consider  during  the 
selection  decision,  as  well  as  evaluation  of  the  criteria  for  each  tool. 
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1.0  INTRODUCTION 


The  work  presented  in  this  report  was  funded  by  ESTCP  in  response  to  the  “Call  for  FY2003 
New  Start  Proposals”  on  the  topic  of  “In-Situ  Remediation  of  Groundwater.”  As  described  in 
more  detail  below,  ESTCP  Project  ER-0318  involved  demonstrations  of  various  diagnostic  tools 
for  site  characterization  and  performance  assessment  at  three  U.S.  Department  of  Defense  (DoD) 
sites:  Watervliet  Arsenal  (New  York),  Vandenberg  Air  Force  Base  (California),  and  Fort  Lewis 
Logistics  Center  (Washington).  Project  results  culminated  in  four  reports,  three  site  reports,  and 
this  overall  summary  report. 

The  primary  objective  of  this  summary  report  is  to  capture  the  lessons  learned  from  the  testing  of 
five  diagnostic  tools  at  the  three  field  demonstrations.  These  lessons  learned  are  intended  to 
provide  DoD  with  technical  guidance  on  the  use  of  these  and  other  diagnostic  tools  at  chlorinated 
solvent-contaminated  sites  for  site  characterization  and  remedial  selection,  design,  and 
performance  assessment  of  in-situ  technologies. 

1.1.  ESTCP  Project  ER-0318  Description 

Three  demonstration  sites  were  chosen  for  this  study  including  (1)  Watervliet  Arsenal,  New 
York,  (2)  Vandenberg  Air  Force  Base  (VAFB),  California  and  (3)  Fort  Lewis  Logistics  Center, 
Washington.  The  sites  illustrate  the  types  of  remedial  challenges  faced  at  a  number  of  DoD  sites 
nationwide,  and  are  located  in  distinctly  different  hydrogeologic  environments.  In-situ  chemical 
and  biological  remediation  technologies  were  conducted  at  two  of  these  sites  to  address  soil  and 
groundwater  impacted  by  chlorinated  solvents  and  other  volatile  organic  compounds  (VOCs), 
providing  the  opportunity  to  evaluate  a  variety  of  conventional  and  innovative  diagnostic  tools 
for  a  range  of  data  objectives.  A  range  of  innovative  diagnostic  tools  for  site  characterization 
quantifying  the  success  of  in-situ  remedial  technologies  was  tested  and  assessed  at  these  three 
sites.  Some  of  these  tools  were  technology-  or  geology-specific,  while  others  were  independent 
of  either  the  technology  or  geology  of  the  site.  Brief  overviews  of  site  characteristics  as  well  as 
the  diagnostic  tools  tested  at  each  site  are  provided  below. 

1.1.1.  Watervliet  Arsenal 

Watervliet  Arsenal,  located  in  Watervliet,  New  York,  is  a  140-acre  government-owned 
installation  that  was  used  to  manufacture  small  arms  ammunition,  cannons,  and  guns  since  the 
mid- 1800s.  The  study  area,  a  subarea  of  the  installation,  is  located  approximately  200  feet  west 
of  the  Hudson  River  along  the  Watervliet  Arsenal  boundary.  The  primary  contaminants  are 
tetrachloroethene  (PCE),  trichloroethene  (TCE),  and  their  degradation  products.  The 
concentrations  of  these  VOCs  indicated  the  presence  of  dense  non-aqueous  phase  liquids 
(DNAPLs).  DNAPL  was  detected  at  one  monitoring  well  at  70  ft  below  ground  surface  (bgs). 

The  geology  at  the  study  area  consists  of  1  to  5  ft  of  surficial  fill  followed  by  5  to  10  ft  of 
overburden  that  grades  with  depth  from  a  fine-grained  material  to  a  coarse-grained  alluvium. 
Beneath  the  overburden  is  black  medium-hard  laminated  shale  (fractured  bedrock).  According  to 
a  downhole  and  hydrogeophysical  study  conducted  by  the  U.S.  Geological  Survey  (USGS),  three 
high-permeability  flow  zones  are  laterally  continuous  in  the  study  area.  Total  VOC 
concentrations  are  as  high  as  51,900  micrograms  per  liter  (pg/L)  in  the  intermediate  bedrock  (70- 
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120  ft  bgs),  above  the  one  percent  effective  solubility  limit  indicative  of  a  DNAPL  release.  Due 
to  diffusion  processes,  most  or  all  of  the  contaminant  mass  appears  to  now  reside  in  the  dissolved 
and  sorbed  phases  of  the  low-permeability  matrix,  not  in  the  fractures  (Parker  et  al.,  1994;  Parker 
et  al.,  1997;  Parker,  2007). 

The  remedial  technology  used  at  Watervliet  Arsenal  was  in-situ  chemical  oxidation  (ISCO)  using 
permanganate.  This  ISCO  technology  was  selected  because  permanganate  in  solution  was 
thought  to  be  stable  enough  to  diffuse  into  the  rock  matrix  where  most  of  the  contaminant  mass 
resides,  and  to  react  with  contaminants,  resulting  in  contaminant  diffusion  out  of  the  matrix 
towards  the  permanganate  front.  Major  challenges  in  applying  ISCO  technology  in  fractured 
rock  settings  include:  (1)  permanganate  distribution  in  fractures  throughout  the  contaminated 
zone,  and  (2)  sufficient  persistence  of  permanganate  to  allow  reaction  with  contaminants  before 
advective  transport  of  the  permanganate  or  consumption  of  permanganate  due  to  reaction  with 
the  shale  materials.  Diagnostic  tools  applied  at  Watervliet  Arsenal  included  several  types  of 
depth-discrete  multi-level  monitoring  (MLM)  systems,  compound  specific  isotope  analysis 
(CSIA)  (to  verify  VOC  mass  destruction  by  permanganate  and  the  extent  of  injection 
displacement),  detailed  rock  matrix  characterization  via  rock  core  subsampling  (to  characterize 
VOCs  present  in  the  rock  matrix),  and  mass  discharge  measurements  using  an  integral  pumping 
test  and  at  the  downgradient  treatment  boundary  using  a  transect  mass  flux  methodology. 

1.1.2.  Vandenberg  Air  Force  Base 

VAFB  is  located  along  the  Pacific  Coast  in  Santa  Barbara  County,  California.  VAFB’s  Site  60  is 
located  in  a  small  canyon  at  the  southern  edge  of  the  east- west-oriented  Santa  Ynez  Valley.  This 
was  the  location  of  a  base  fuel  service  station;  tanks  and  piping  were  excavated,  but  benzene, 
toluene,  ethylbenzene,  and  xylene  (BTEX)  and  methyl  tertiary  butyl  ether  (MTBE)  were  detected 
in  groundwater  (up  to  1800  feet  downgradient  of  the  source  area  in  the  case  of  MTBE).  Sand, 
silt,  and  clay  alluvium  extend  to  a  depth  of  approximately  12  meters  (m)  in  the  area.  Previous 
investigation  had  determined  that  the  S3  sand,  a  thin,  shallow  aquifer,  is  the  primary  pathway  for 
transporting  historic  contamination  in  groundwater.  Both  BTEX  and  MTBE  contamination  are 
being  addressed  via  an  in-situ  aerobic  permeable  biobarrier,  and  the  MTBE  plume  is  decreasing 
in  concentration.  A  well-characterized  area  with  existing  infrastructure  within  Site  60  was 
chosen  for  controlled  injection  of  bromide,  which  is  commonly  used  as  a  conservative  tracer 
compound  because  its  fate  and  transport  are  not  affected  by  microbial  degradation  or 
geochemistry.  This  setting  provided  a  suitable  geologic  setting  for  the  comparison  of  four 
different  diagnostic  tools  capable  of  measuring  mass  flux.  Thus,  the  primary  objective  of  this 
activity  was  to  assess  the  relative  advantages  and  disadvantages  of  the  four  tools  tested  and  to 
assess,  based  on  this  comparison  the  applicability  of  each  tool  for  measuring  mass  flux/mass 
discharge  at  other  sites. 

1.1.3.  Fort  Lewis  Logistics  Center 

The  third  site  was  the  East  Gate  Disposal  Yard  at  the  Fort  Lewis  Logistics  Center  in  Pierce 
County,  Washington.  Chlorinated  solvent  source  areas  caused  by  landfill  trenching  and  disposal 
at  this  site  are  underlain  by  glacial  deposits  ranging  from  sandy  gravels  with  frequent  cobbles  to 
glacial  till  (gravel  in  a  matrix  of  sand,  silt,  and  clay)  interspersed  locally  with  lenses  of  sand,  silty 
sand,  and  clay.  Groundwater  is  located  approximately  10  ft  bgs,  and  residual  TCE  DNAPL  is 
believed  to  be  present  to  depths  of  about  30  ft  bgs.  Overall,  the  aquifer  in  the  source  area  is  fairly 
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transmissive,  although  locally  less  transmissive  zones  exist  in  the  saturated  zone.  At  this 
particular  source  area  within  the  Disposal  Yard,  an  in-situ  bioremediation  technology  was 
employed  to  remove  chlorinated  solvent  contamination.  Cheese  whey  was  chosen  as  the  electron 
donor  compound  to  enhance  the  anaerobic  degradation  of  the  chlorinated  compounds.  Diagnostic 
tools  employed  at  the  site  addressed  the  effect  of  bioremediation  in  enhancing  mass  transfer  from 
the  DNAPL  phase  to  the  dissolved  phase  where  biodegradation  can  occur.  In  addition  to 
conventional  analytical  parameters  (chlorinated  ethene  concentrations,  redox  parameters, 
biological  activity  indicators,  and  electron  donor  concentrations),  diagnostic  tools  used  included 
CSIA,  depth-discrete  MLM,  a  suite  of  molecular  biological  tools  (MBTs),  and  mass  flux 
measurement  technologies. 

1.2.  Report  Organization 

This  report  is  organized  into  eight  sections.  Section  2.0  provides  background  information  on 
chlorinated  solvent  contamination,  including  technical  challenges  associated  with  the  presence  of 
these  compounds  in  groundwater,  an  overview  of  the  various  types  of  geologic  settings  where 
chlorinated  compounds  are  found,  regulatory  requirements  that  must  be  followed  to  achieve  site 
closure,  and  a  brief  summary  of  available  remedial  technologies.  Section  2.0  also  includes  an 
overview  of  diagnostic  tools,  including  key  drivers  for  their  use  at  chlorinated  solvent  sites;  their 
application  for  site  characterization,  process  monitoring,  and  performance  monitoring;  and  the 
utility  of  diagnostic  tools  for  optimizing  remedial  strategies. 

Sections  3.0  through  7.0  provide  details  on  the  five  types  of  innovative  diagnostic  tools  evaluated 
by  this  project:  (i)  multi-level  monitoring,  (ii)  rock  matrix  characterization,  (iii)  mass  flux 
measurement,  (iv)  CSIA,  and  (v)  molecular  biological  tools.  Each  of  the  sections  provides  a 
detailed  description  of  the  tool,  its  technology  status,  its  applicability  in  specific  geologic 
settings,  its  applicability  for  performance  assessment  of  remedial  technologies,  and  its 
advantages  and  disadvantages  compared  with  other  available  and  more  conventional  approaches. 
Key  information  about  each  of  the  tools  is  also  presented  in  these  sections,  such  as  commercial 
status,  cost,  and  regulatory  acceptance. 

Section  8.0  presents  a  qualitative  assessment  of  the  potential  value  of  information  added  by  the 
tools  that  can  be  used  for  selecting  specific  diagnostic  tools  to  enhance  remedial  efforts. 
Furthermore,  Section  8.0  provides  key  recommendations  on  the  applicability  of  these  tools  to 
specific  decision  points  during  all  phases  of  site  cleanup. 


3 


2.0  BACKGROUND  ON  DIAGNOSTIC  TOOLS 


Despite  more  than  40  years  of  experience,  groundwater  industry  professionals  still  face  many 
technical,  economic,  and  regulatory  challenges  for  cleanup  of  contaminated  soil  and  groundwater 
in  the  U.S.  and  worldwide.  Over  the  past  decade,  however,  considerable  investment  in  irmovative 
diagnostic  tools  has  raised  expectations  that  contaminated  soil  and  groundwater  at  many  sites  can 
now  be  characterized  and  remediated  or  restored  to  concentrations  that  allow  for  unrestricted 
beneficial  use  of  the  damaged  resource.  In  this  section,  we  provide  a  brief  overview  of  some  of 
the  technical  challenges  being  addressed  by  recently  developed  diagnostic  tools.  This  discussion 
provides  needed  context  for  this  guidance  document  on  the  use  of  selected  innovative  diagnostic 
tools  at  DoD  facilities,  in  conformance  with  the  scope  of  the  ESTCP  project.  The  information 
presented  in  this  guidance  document  was  developed  based  on  detailed  analyses  of  several  of 
these  tools  used  in  three  field  demonstrations  at  separate  DoD  sites  over  the  past  few  years  as 
noted  in  the  Introduction. 

Historically,  the  site  characterization  and  performance  assessment  of  remediation  systems  at 
chlorinated  solvent-contaminated  sites  has  been  evaluated  using  two-dimensional  measurements 
of  dissolved  contaminant  concentrations  obtained  from  monitoring  wells  in  aquifers  (e.g., 
changes  in  maximum  concentrations  and  plume  extent  over  time).  Such  an  approach  may  have 
limitations  that  impact  the  evaluation  of  technology  effectiveness  and  influence  remedial 
decision-making  at  these  sites.  Two-dimensional  measurements  of  dissolved  contaminant 
concentrations  in  aquifers  are  typically  based  on  groundwater  samples  collected  by  standard 
methods  from  monitoring  wells  with  well  screen  lengths  mostly  ranging  from  10  to  20  feet,  i.e., 
from  a  single  depth  interval.  The  limitations  of  these  types  of  measurements  are  documented 
(e.g.,  Einarson,  2006),  and  have  been  the  impetus  to  develop  alternative  methods  for 
characterizing  the  extent  of  contaminants  in  the  saturated  zone,  particularly  with  respect  to  the 
vertical  distribution  of  contaminants,  monitoring  the  performance  of  in-situ  remediation 
technologies,  and  conducting  performance  assessments  for  the  objective  of  achieving  site  closure 
or  transitioning  to  long-term  management  with  a  variety  of  institutional  controls  (e.g.,  deed  or 
use  restrictions). 

In  addition  to  improvements  in  depth-discrete  sampling  for  characterizing  the  vertical 
distribution  of  chemicals  in  groundwater,  new  diagnostic  tools  have  been  developed  to  improve 
all  phases  of  site  remediation,  from  site  characterization  and  selection  of  a  remedial  technology 
through  operation  and  optimization  of  the  remedial  system.  These  innovative  tools  show  promise 
for  improving  technology  selection/decision-making  during  the  feasibility  or  corrective  measure 
study  phase,  process  monitoring  and  optimization  following  remedy  implementation,  and 
performance  assessment  for  compliance  or  verification  of  meeting  site  closure  objectives  (e.g.. 
Maximum  Contaminant  Levels  (MCLs)).  Many  of  these  tools  were  developed  to  evaluate  the 
effectiveness  of  specific  technologies  (e.g.,  MBTs  for  in-situ  bioremediation)  or  to  investigate 
the  distribution  of  chemicals  in  certain  geologic  formations  (e.g.,  rock  crushing  and  extraction 
tools).  Other  tools  address  specific  types  of  contaminants,  (e.g.,  DNAPL-specific  diagnostic 
tools).  A  summary  of  the  diagnostic  tools  evaluated  in  this  study  and  the  field  sites  at  which  they 
were  evaluated  is  provided  in  Table  2-1. 
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Table  2-1.  Field  Sites  for  Evaluation  of  Diagnostic  Tools 


Diagnostic  Tool 

Field  Site 

Watervliet  Arsenal 

Vandenber^  AFB 

Fort  Lewis 

Multi-Level  Monitoring  Systems 

Rock  Matrix  Characterization 

Mass  Flux  Measurement 

Passive  flux  meter 

v 

Transect  method 

y 

Steady-state  pumping 

Recirculation  flux  measurement 

Integral  pumping  test 

Compound  Specific  Isotope 
Analysis 

v 

Molecular  Biological  Tools 

v 

One  key  issue  in  evaluating  these  diagnostic  tools  is  the  assessment  of  the  benefits  obtained  by 
using  a  tool  compared  to  the  potential  increase  in  investigation  and  monitoring  costs. 
Alternatively,  some  diagnostic  tools  provide  information  that  cannot  be  obtained  using 
conventional  techniques  (e.g.,  CSIA).  The  value  of  such  unique  knowledge  must  then  be 
evaluated  in  the  context  of  benefits  from  potentially  accelerating  site  closure,  reducing  the 
overall  life-cycle  costs  of  cleanup,  or  reducing  the  risks  associated  with  failure  of  any  remedial 
action  to  achieve  desired  goals  (see  Section  8.0  in  this  report). 

Prior  to  describing  these  diagnostic  tools,  we  provide  a  contextual  overview  of  the  site 
remediation  process  as  currently  followed  in  the  US.  In  addition,  we  provide  background 
information  on  various  factors  that  must  be  considered  when  selecting  diagnostic  tools  to  address 
the  full  range  of  issues  that  arise  during  subsurface  remediation  at  chlorinated  solvent  sites. 

These  factors  include  contaminant-specific  attributes  influencing  the  application  of  diagnostic 
tools,  the  importance  of  the  geologic  setting,  the  types  of  remedial  technologies,  and  the  impact 
of  varying  remedial  objectives  for  groundwater  cleanup  on  the  use  of  diagnostic  tools. 

2.1.  Conventional  Investigation  and  Remediation  Approaches 

2.1.1.  Site  Remediation  -  The  Typical  Process 

Based  on  recent  USEPA  data  (USEPA,  2004a),  approximately  300,000  contaminated  sites  in  the 
U.S.  were  expected  to  require  cleanup  between  2004  and  2033.  Over  this  thirty-year  period, 
estimated  cleanup  costs  (2003  dollars)  were  reported  to  range  up  to  $250  billion.  The  number  of 
DoD  sites  identified  in  this  summary  document  was  reported  to  be  over  6,000,  with  a  total 
estimated  cleanup  cost  of  $3 1  billion.  In  the  context  of  this  substantial  present  and  future 
liability,  the  development  of  diagnostic  tools  that  could  reduce  the  final  cost  of  cleanup  and/or 
shorten  the  time  to  achieve  either  site  closure  or  transition  to  long-term  monitoring  and 
management  is  a  high  priority  for  the  DoD. 

A  contaminated  site,  like  other  environmental  challenges,  exhibits  a  reasonably  well-defined  life- 
cycle.  Following  discovery,  sites  come  under  regulatory  control  at  the  federal,  state,  or  local 


5 


level.  This  designation  establishes  a  framework  and  a  proeess  for  site  characterization, 
development  of  a  conceptual  site  model  (CSM),  development  of  remedial  action  objectives 
(RAOs),  and  selection  and  implementation  of  an  appropriate  remediation  system  (i.e.,  one  or 
more  remediation  technologies  that  address  the  specific  contaminants  and  specific  media 
impacted)  if  active  remediation  is  warranted.  One  example  is  the  process  defined  by  the  National 
Contingency  Plan  developed  under  CERCLA  (40  CFR  Part  300,  2003).  The  process  is  often  site- 
specific,  depending  on  the  controlling  statute,  federal  and  local  regulations,  the  ownership  of  the 
site,  the  ultimate  expected  use  of  the  site,  and  the  attitudes  of  other  stakeholders  (e.g.,  local 
communities,  tribal  nations).  Figure  2-1  provides  a  conceptual  overview  of  the  remedial  process 
at  a  contaminated  site.  The  ultimate  goal  is  either  to  achieve  site  closure  such  that  the 
property/groundwater  can  be  restored  to  its  highest  beneficial  use  as  defined  by  the  impacted 
community  or  the  regulatory  bodies,  or  transition  of  the  site  to  long-term  monitoring  and 
management..  It  is  now  recognized  that  this  apparently  linear  life-cycle  process  for  site  cleanup 
is  highly  non-linear  due  to  the  reality  that  each  site  exhibits  significant  uncertainty,  both 
technically  and  institutionally,  leading  to  lengthy  delays  in  decision-making  as  to  the  ultimate 
remedy  to  address  the  contamination.  Each  phase  of  site  investigation,  and  the  implementation  of 
interim  remedies,  results  in  greater  knowledge  of  site  conditions,  and  a  reassessment  of  the 
optimum  strategy  for  site  management.  In  addition,  at  many  sites,  disputes  over  liability  due  to 
multiple  current,  past,  or  no-longer-existing  potentially  responsible  parties  can  result  in  major 
delays  in  the  cleanup  process,  particularly  if  litigation  is  likely  or  ongoing.  In  the  past,  some 
major  decisions  regarding  selection  of  remedial  actions  have  been  premature,  and  have  been 
inappropriate  responses  to  the  cleanup  issues.  Again,  disputes  have  led  to  significant  delays,  and 
almost  always  substantial  increases  in  life-cycle  costs. 

Another  significant  challenge  facing  the  cleanup  of  contaminated  groundwater  results  from 
technical  limitations  that  make  achievement  of  some  RAOs  difficult  or  unlikely  within  an 
acceptable  timeframe  as  has  been  documented  in  numerous  publications  over  the  past  15  years 
(National  Research  Council  (NRC),  1994;  USEPA,  2003;  NRC,  2005;  USEPA,  2009b).  The 
development  of  improved  diagnostic  tools  to  establish  reasonable  RAOs  and  to  assess  the 
likelihood  of  achieving  selected  RAOs,  such  as  drinking  water  standards,  in  some  settings  is  also 
a  significant  driver  for  innovation.  The  expenditure  of  large  sums  for  cleanup  without 
commensurate  benefits  will  continue  to  be  a  barrier  to  achieving  closure  at  complex  sites. 
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Figure  2-1.  Conceptual  Overview  of  Typical  Remedial  Process  for  Contaminated  Sites 


Source:  Modified  from  Figure  2-5  of  Interstate  Technology  and  Regulatory  Council  (ITRC),  2008. 
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2.1.2.  Geologic  Settings 

The  geologic  environment  is  a  significant  factor  influencing  the  distribution  of  chlorinated 
solvents  in  the  subsurface.  Thus,  the  geologic  and  hydrogeologic  characteristics  at  a  site  often  are 
significant  drivers  in  the  selection,  implementation,  operation,  and  monitoring  of  remedial 
technologies.  Subsurface  characteristics  arise  from  a  variety  of  specific  geologic  and 
geochemical  processes  and  can  vary  over  orders  of  magnitude  spatially  (both  horizontally  and 
vertically). 

The  wide  diversity  in  subsurface  geologic  settings  greatly  affects  the  characteristics  of 
chlorinated  solvent  source  zones,  the  efficiency  of  remedial  technologies,  and  what  endpoints  are 
likely  attainable  by  specific  technologies  used  for  groundwater  remediation.  In  addition,  the 
nature  of  the  subsurface  geologic  environment  will  influence  the  choice  of  some  diagnostic  tools. 
For  example,  some  depth-discrete  sampling  tools  are  limited  to  unconsolidated  media.  In  a  recent 
report  (NRC,  2005),  a  committee  of  national  experts  on  DNAPL  source  zones  proposed  a 
simplified  taxonomy  of  geologic  environments  consisting  of  five  general  hydrogeologic  settings 
that  are  broadly  representative  of  common  subsurface  conditions  relevant  to  remediation  (Table 
2  2).  They  differ  in  spatial  variations  in  permeability  and  porosity,  two  key  parameters  that 
control  the  mechanism  by  which  contaminants  move  through  the  subsurface.  While  it  is 
understood  that  these  general  settings  significantly  oversimplify  actual  geologic  environments  in 
the  subsurface,  they  provide  useful  descriptors  for  discussing  the  applicability  of  different 
diagnostic  tools.  These  settings  will  be  referenced  throughout  this  report. 
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Table  2-2.  Five  General  Hydrogeologic  Settings  as  Proposed  by  the  National  Research 

Council 


Type 

Porosities 

Permeability 

Hydraulic 

Conductivity 

Examples 

f 

Granular  Media  with 
Mild  Heterogeneity 
and  Moderate  to  High 
Permeability 

5%  to  40% 

k>  10-'^  m^ 

K>  lO'^  m/s 

Eolian  Sands 

ff 

Granular  Media  with 
Mild  Heterogeneity 
and  Low  Permeability 

5%  to  40% 

k<  10'‘^m^ 

K<  lO'^  m/s 

Lacustrine 

clay 

Iff 

Granular  Media  with 
Moderate  to  High 
Heterogeneity 

5%  to  40% 

k>  10'‘^m^ 

K>  10'^  m/s 

Deltaic 

Deposition 

fV 

Fractured  Media  with 
Low  Matrix  Porosity 

Fractures 
«1%; 
Unfractured 
matrix  <1% 

k<  10  m^  for 

unfractured 

matrix 

K<  10'"^m/s 
for  unfractured 
matrix 

Crystalline 

Rock 

V 

Fractured  Media  with 
High  Matrix  Porosity 

Fractures 
«1%; 
Unfractured 
matrix  1-40% 

k<  lO'^^  m^  for 

unfractured 

matrix 

K<  lO'^'m/s 
for  unfractured 
matrix 

Limestone, 
Sandstone  or 
Fractured 

Clays 

Source:  NRC,  2005 


2. 1. 3.  Regulatory  Requirements 

Groundwater  cleanup  requirements  generally  vary  among  sites  and  are  another  factor  that  may 
affect  the  feasibility  of  different  technologies  and  thus,  the  choice  of  diagnostic  tools  and 
appropriate  remedial  technologies.  Remedial  objectives  can  range  from  partial  mass  removal,  to 
source  containment  (or  flux  reduction),  to  a  goal  of  meeting  specific  numeric  standards  such  as 
MCLs.  At  most  larger  sites,  the  remediation  process  will  be  iterative  or  adaptive,  with  multiple 
technologies  employed  in  an  attempt  to  meet  RAOs.  A  recent  summary  of  this  iterative  process 
is  illustrated  in  Figure  2  2,  adapted  from  a  recent  NRC  report  on  DNAPL  source  remediation 
(NRC,  2005).  Two  key  steps  as  shown  on  Figure  2  2  are  the  identification  of  “absolute”  and 
“functional”  objectives  for  a  site.  As  defined  by  the  NRC  report,  absolute  objectives  are 
important  in  themselves  (e.g.,  ensuring  that  risks  to  human  health  have  been  reduced  to  an 
acceptable  level),  while  functional  objectives  are  a  means  to  an  end  (e.g.,  reducing  contaminant 
concentrations  in  groundwater  to  a  specified  level  to  meet  human  health  risk  reduction)  (NRC, 
2005).  Each  objective  should  have  an  associated  metric,  a  quantity  that  can  be  measured  at  a 
particular  site  to  evaluate  progress  towards  achieving  the  objective  (NRC,  2005)  and  a 
corresponding  set  of  diagnostic  tools  that  provide  the  data  to  support  the  selected  metric.  This 
iterative  process  must  be  consistent  with  regulatory  requirements  imposed  on  the  site,  depending 
upon  the  lead  agency  and  the  particular  regulatory  program  in  which  the  site  contamination  is 
addressed. 
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Figure  2-2.  Six-Step  Process  for  Source  Remediation 


Source:  NRC,  2005 

2.1.4.  Remedial  Technologies 

Remedial  technologies  used  to  clean  up  chlorinated  solvents  in  groundwater  have  evolved  over 
the  past  few  decades  (see,  for  example,  Stroo  and  Ward,  2010).  Groundwater  extraction  using 
traditional  groundwater  supply  technologies  was  the  primary  technology  initially  used  to  remove 
chlorinated  solvents  from  aquifers  and  capture  plumes  generally  with  the  goal  of  rapid  (less  than 
30  years)  achievement  of  cleanup  objectives.  This  so-called  “pump-and-treat”  technology,  while 
successful  at  containment  of  contaminated  plumes,  has  been  shown  to  be  a  limited  option  for 
rapid  removal  of  contaminant  mass  from  groundwater,  particularly  in  the  presence  of  DNAPLs 
(e.g.,  NRC,  1994).  A  more  recent  NRC  committee  (2005)  concluded  that  several  alternative 
technical  options  would  be  more  effective  at  restoring  groundwater  to  maximum  beneficial  uses 
than  conventional  pump-and-treat  in  an  “average  geology.”  These  options  can  be  broadly 
characterized  as  chemical  oxidation/reduction,  biological  oxidation/reduction,  and  thermal 
technologies  with  vapor  recovery  (see,  for  example,  USEPA,  2010a). 

Diagnostic  tools  appropriate  for  site  characterization  and  performance  assessment  of  these  in-situ 
technologies  vary  depending  on  the  specific  mechanism  of  the  technology.  For  example, 
biological  and  chemical  remedial  technologies  degrade  chlorinated  solvents,  and  tools  designed 
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to  detect  and  measure  such  degradation  (e.g.,  CSIA)  could  be  appropriate  for  performance 
assessment  of  these  technologies.  Other  tools  (e.g.,  mass  flux  measurement)  are  potentially 
applicable  to  performance  assessment  of  all  in-situ  remedial  technologies.  The  applicability  of 
diagnostic  tools  to  in-situ  remedial  technologies  is  evaluated  in  detail  in  Section  8.0. 

2.2.  Diagnostic  Tools 

2.2.1.  Key  Drivers  for  the  Development  of  Diagnostic  Tools 

Diagnostic  tools  satisfy  a  critical  need  in  the  cleanup  of  contaminated  sites.  These  tools  provide 
data  needed  to  optimize  the  cleanup  process,  with  the  goals  of  meeting  all  RAOs  while  reducing 
life-cycle  costs.  Some  of  the  key  issues  faced  during  the  life-cycle  of  site  cleanup  are 
summarized  in  Table  2-3.  During  site  characterization,  the  development  of  an  accurate  CSM 
depends  on  identifying  the  major  controlling  features  of  the  site  such  as  preferential  flow  paths, 
the  presence  and  extent  of  NAPLs,  major  continuing  sources  of  contaminant  release  to  the 
groundwater,  and  likely  receptors  that  could  be  impacted.  Selection  of  the  appropriate  suite  of 
remedial  technologies  also  depends  upon  the  adequacy  of  the  site  characterization  process. 
Typical  questions  asked  at  this  point  in  the  process  include  the  following:  “Can  the  selected 
technologies  achieve  the  RAOs  in  a  “reasonable”  timeframe?”  and  “can  the  timeframe  for 
achieving  RAOs  be  predicted  with  a  degree  of  accuracy  allowing  for  life-cycle  costing,  and 
allowing  for  an  estimate  of  overall  environmental  impacts  including  consideration  of 
sustainability  metrics  such  as  relative  emissions  of  greenhouse  gases?” 

Table  2-3.  Life-Cycle  of  a  Contaminated  Site:  Key  Issues  for  Diagnostic  Tools 


Phase 

Key  Issues 

Site  characterization 

•  Develop  accurate  CSM 

•  Reduce  uncertainty  in  key  parameters 

•  Provide  adequate  data  for  remedy  selection 

Remedy  selection  /  design 

•  Establishment  of  RAOs  acceptable  to  stakeholders 

•  Ability  of  technologies  to  meet  RAOs 

•  Life-cycle  cost  estimates 

•  Ability  to  meet  absolute  versus  functional  objectives 

Implementation  /  operations 

•  Optimizing  performance 

•  Developing  closure  strategy 

Alternative  endpoints 

•  Technical  basis  for  alternative  points  of  compliance  or  cleanup 
level  (e.g.,  technical  impracticability  (TI)  waiver) 

Closure 

•  Meeting  regulatory  requirements  for  closure,  “No  Further 
Action”  status 

Once  a  remedy  has  been  implemented,  particularly  for  active  remedies  requiring  injection  of 
fluids  or  heat  into  the  subsurface,  system  optimization  depends  heavily  on  the  collection  of 
appropriate  data  to  assess  the  efficacy  of  the  remedial  system.  If  it  can  be  demonstrated  that  the 
remedial  system  has  achieved  optimum  results  “to  the  extent  practicable,”  and  that  the  current 
and  future  risks  can  be  defined,  transition  to  long-term  monitoring  or  site  closure  can  be 
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accelerated.  Finally,  site  elosure  can  only  be  achieved  when  the  site  stakeholders  (owners, 
regulators,  community  representatives)  agree  that  any  residual  contamination  does  not  pose 
unaceeptable  risks  to  human  health  and  the  environment,  and  that  reliance  on  natural  attenuation 
is  eonsidered  proteetive.  Meeting  this  goal  depends  on  the  use  of  proven  diagnostie  tools  that 
provide  reliable,  aeeurate,  and  transparent  data  to  support  final  management  deeisions  for  the 
site.  Thus,  the  development  of  sueh  tools  is  essential  for  redueing  the  time  and  eost  of  achieving 
either  site  closure  or  long-term  management. 

2.2.2.  Process  versus  Performance  Monitoring 

At  contaminated  sites,  a  wide  range  of  technologies  has  been  developed  to  address  the  eleanup  of 
eontaminated  groundwater.  Aside  from  the  widely  used  “pump-and-treaf  ’  teehnology  as 
discussed  earlier  in  this  seetion,  in-situ  technologies  have  beeome  the  primary  option  for  source 
and  plume  eleanup  (USEPA,  2003;  NRC,  2005;  ITRC,  2004;  Kavanaugh  and  Kresic,  2008). 
These  inelude  ehemieal  oxidation  and  reduetion  teehnologies,  microbially  mediated  oxidation  or 
reduetion  teehnologies,  and  thermal  technologies.  Diagnostic  tools  are  needed  to  optimize  the 
operations  of  each  of  these,  and  to  ensure  that  they  achieve  the  desired  RAOs.  In  contrast  to  ex- 
situ  technologies  which  have  well-defined  influent  and  effluent  streams  allowing  for  eonvenient 
proeess  monitoring  and  eontrol  (e.g.,  granular  activated  earbon  systems),  in-situ  teehnologies  are 
installed  in  complex  and  highly  heterogeneous  subsurfaee  environments.  This  complieates 
monitoring  strategies  because  of  the  potential  for  inaecurate  results  if  the  monitoring  systems  are 
placed  in  locations  that  do  not  reflect  the  eontrolling  proeesses  in  the  subsurface.  It  has  been 
established  that  in  both  uneonsolidated  and  eonsolidated  media,  preferential  flow  paths  are  the 
norm  and  not  the  exeeption  (see,  for  example,  Payne  et  al.,  2008;  Sale  et  al.,  2008). 

In  addition  to  hydrogeologic  complexities  in  the  subsurfaee,  monitoring  of  in-situ  remedies  is 
further  eomplicated  by  the  diversity  of  microbial  populations  in  the  subsurfaee,  the  spatial 
variability  of  geochemical  properties  (e.g.,  pH,  oxidation-reduction  potential,  temperature, 
ehemieal  speeiation),  and  the  eomplex  distribution  and  orientation  of  any  NAPLs  (i.e.,  the  so- 
ealled  “architecture”  in  the  subsurface,  for  example  NAPE  pools  or  vertieally  distributed 
ganglia).  This  complexity  results  in  the  need  to  develop  diagnostie  tools  that  address  site-speeifie 
features.  These  features  ean  be  teehnology-,  geology-,  or  chemical-speeific.  Examples  inelude 
MBTs  for  in-situ  bioremediation,  rock  coring  tools  for  consolidated  media  and  tools  for 
eharacterizing  the  nature  and  extent  of  NAPLs.  Other  useful  diagnostie  tools  include 
technologies  to  demonstrate  that  ehemieal  or  biological  transformations  are  oeeurring  in  the 
subsurfaee  at  rates  that  can  result  in  aeeelerated  eleanup.  CSIA  is  the  best  example  of  such  an 
innovative  diagnostic  tool. 

Diagnostic  tools  can  thus  be  used  to  eonduct  both  proeess  and  performanee  monitoring  thereby 
leading  to  more  aeeurate  assessments  of  the  overall  effectiveness  of  any  in-situ  teehnology. 
Proeess  monitoring  provides  an  identification  of  the  controlling  processes  determining  the 
effieaey  of  the  teehnology  (e.g.,  biotic  versus  abiotic  transformations),  and  a  basis  for 
quantifying  the  rate  of  transformations  (e.g.,  rate  of  ehemieal  oxidation,  and  need  for  additional 
ehemieal  injeetions).  This  information  can  then  be  used  to  optimize  the  operations  of  the  in-situ 
technology.  For  example,  if  the  technology  has  been  installed  in  the  correet  hydrogeologie 
setting,  then  proeess  monitoring  diagnostic  tools  can  provide  data  needed  to  optimize  the 
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location,  amount,  and  frequency  of  injected  fluids  for  oxidation/reduction  abiotic  reactions  or 
enhanced  microbial  oxidations/reductions. 

Performance  monitoring,  on  the  other  hand,  provides  data  needed  to  evaluate  the  effectiveness  of 
the  technology  in  relation  to  the  RAOs.  These  RAOs  may  be  considered  absolute  objectives 
(e.g.,  MCLs)  or  functional  objectives  (e.g.,  remove  mass  to  the  extent  practicable),  as  discussed 
above.  The  diagnostic  tool  must  be  capable  of  providing  reliable  and  accurate  data  that  meet 
regulatory  requirements  for  performance  assessment. 

2.2.3.  Innovative  Diagnostic  Tools  for  Site  Characterization  and  Process  and  Performance 
Monitoring 

Characterization  of  the  subsurface  has  remained  a  significant  challenge  for  groundwater  cleanup 
at  chlorinated  solvent-contaminated  sites.  Over  the  past  decade,  numerous  guidance  documents, 
reports,  and  peer-reviewed  publications  have  provided  summaries  of  conventional  and 
innovative  diagnostic  tools  used  for  site  characterization  and  process  and  performance 
monitoring  and  assessment  at  these  sites.  Table  2-4  provides  a  list  of  recent  (within  the  last  ten 
years)  published  documents  summarizing  the  latest  developments  in  site  characterization 
technologies.  In  general,  the  goal  of  many  of  these  guidance  documents  has  been  to  accelerate 
site  characterization,  reduce  costs,  and  increase  the  value  of  data  collected.  Alternative 
methodologies  and  technologies  are  summarized  in  the  documents,  compared  to  the  more 
conventional  methodologies  (for  the  purposes  of  this  report,  those  used  prior  to  1990)  for  site 
characterization. 
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Table  2-4.  Recent  Documents  Addressing  Chlorinated  Solvent  Site  Characterization 


Title 

Source 

Characterization  Topics 
Addressed 

Dense  Non- Aqueous  Phase 
Liquids  (DNAPLs):  Review  of 
Emerging  Characterization 
and  Remediation 

Technologies 

ITRC  DNAPLs/Chemical 
Oxidation  Work  Team,  June 
2000 

DNAPL  characterization 
technologies,  including 
geophysical  technologies, 
direct-push  (DP)  technologies, 
and  in- situ  tracers 

DNAPL  Characterization 
Methods  and  Approaches,  Part 

1 :  Performance  Comparisons, 
and  Part  2:  Cost  Comparisons 

Kram  et  al.,  2001;  Kram  et  al., 
2002 

Methods  to  detect  and 
delineate  DNAPL  contaminant 
source  zones  and  comparison 
of  their  performance 
capabilities  and  cost 

An  Introduction  to 
Characterizing  Sites 
Contaminated  with  DNAPLs 

ITRC  Dense  Nonaqueous 

Phase  Liquids  Team, 

September  2003 

Characterization  approach, 
data  collection  techniques,  and 
regulatory  issues 

Site  Characterization 
Technologies  for  DNAPL 
Investigations 

USEPA,  2004b 

Geophysical  and  non¬ 
geophysical  techniques  for 
DNAPL  characterization 

Groundwater  Sampling  and 
Monitoring  with  Direct  Push 
Technologies 

USEPA,  2005 

Recommended  methods  and 
data  quality  objectives  for 
application  of  DP  technologies 

Mass  Flux  Toolkit  User’s 
Manual 

Farhat,  Newell,  and  Nichols, 
2005 

Mass  flux  calculation  and 
assessment  of  impact 

Assessment  and  Delineation 
of  DNAPL  Source  Zones  at 
Hazardous  Waste  Sites 

Kueper  and  Davies,  2009 

Source  zone  investigation 
methods,  assessing  DNAPL 
presence,  delineation  of  the 
source  zone 

DNAPL  Site  Characterization 
Issues  at  Chlorinated  Solvent 
Sites 

Mercer  et  al.,  2010 

DNAPL  characterization 
approach,  methods,  and  data 
interpretation 

In  addition,  regulatory  agencies  and  some  of  the  regulated  entities  (e.g.,  DoD),  have  invested 
significant  resources  in  developing  more  effective  methodologies  for  site  characterization.  The 
U.S.  Department  of  Energy  and  USEPA  promote  the  use  of  the  TRIAD  approach  (see,  e.g.. 
Crumbling,  2001).  This  methodology  considers  site  characterization  as  a  dynamic  process,  with 
each  phase  of  the  investigations  leading,  in  theory,  to  a  more  accurate  CSM  that  will  facilitate 
and  improve  remedial  decision-making,  and  accelerate  site  cleanup.  The  process  is  thoroughly 
described  in  various  USEPA  publications  and  other  sources  (see  e.g..  Crumbling  et  al.,  2003). 

Thus,  the  literature  on  site  characterization  is  vast,  and  a  wide  range  of  diagnostic  tools  are  now 
available  for  remediation  professionals.  According  to  the  USEPA’ s  Contaminated  Site  Clean-up 
Information  website  (www.clu-in.org),  there  are  over  650  characterization  technologies  provided 
by  numerous  vendors  and  listed  in  USEPA  databases  (USEPA,  2010b).  Many  of  these  tools  are 
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currently  in  use  and  have  provided  more  comprehensive  data  on  site  eharacteristics  than 
traditional  approaches.  Some  of  these  tools,  however,  are  still  in  a  developmental  stage,  and 
additional  testing  is  required  to  determine  the  reliability  of  the  technologies,  the  accuracy  of  the 
results,  and  the  value-added  proposition  of  these  tools.  For  example,  groundwater  eleanup 
professionals  must  still  question  on  a  ease-by-case  basis  whether  the  additional  expense  is 
eommensurate  with  the  value  of  the  data  provided. 

In  this  report,  we  present  details  on  five  innovative  diagnostie  tools  that  provide  unique  site 
eharacterization  data.  Most  of  these  tools  can  be  used  for  both  process  monitoring  and 
performance  assessment  for  in-situ  technologies  designed  to  elean  up  contaminated  groundwater 
at  ehlorinated  solvent  sites  in  both  consolidated  and  unconsolidated  media. 

2.2.4.  Diagnostic  Tools  Evaluated  in  This  Study 

The  five  diagnostie  tools  evaluated  by  this  study  are  eapable  of  evaluating  the  following  site 
eharacterization  issues,  which  are  eaeh  partly  geology-,  contaminant-,  or  technology- specific: 

•  Vertical  distribution  of  contaminants  in  the  dissolved  and  adsorbed  phase  through 
multi-level  monitoring  systems. 

•  Assessment  of  distribution  of  ehlorinated  solvents  in  consolidated  media  and 
performance  assessment  of  in-situ  teehnologies. 

•  Confirmation  of  in-situ  ehemieal  or  biological  transformations  of  chemicals  of 
concern. 

•  Comparison  of  mass  flux/mass  discharge  measurement  teehnologies  for  both  proeess 
and  performance  assessment. 

•  Optimizing  proeess  performance  of  in-situ  bioremediation  through  the  use  of  MBTs. 

Contaet  information  for  vendors  for  the  diagnostic  tools  evaluated  in  this  study  is  provided  in 
Appendix  B.  The  applicability  of  the  diagnostic  tools  of  this  study  to  various  steps  in  the 
remedial  proeess,  hydrogeologic  settings,  and  remedial  technologies  are  indicated  in  Table  2-5, 
Table  2-6,  and  Table  2-7,  respectively.  These  diagnostie  tools  are  described  briefly  below.  A 
summary  of  the  field  sites  at  whieh  the  tools  were  evaluated  is  provided  in  Table  2-1. 
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Table  2-5.  Potential  Applicability  of  Diagnostic  Tools  to  Stages  of  the  Remedial  Process 


Diagnostic  Tool 

Remedial  Process 

Site 

Characterization 

Remedy 

Selection 

Remedy 

Design 

T  roubleshooting/ 
Optimization 

Final  Site 
Management 

Multi-Level  Monitoring 
Systems 

Rock  Matrix 
Characterization 

Y 

>/ 

Y 

Mass  Flux  Measurement 

Synoptic  sampling  (transect 
method) 

Y 

>/ 

Steady-state  pumping  (SSP) 

>/ 

>/ 

Passive  flux  meter  (PPM) 

>/ 

Recirculation  flux 
measurement  (RFM) 

Y 

Y 

>/ 

Y 

Compound  Specific 

Isotope  Analysis 

Molecular  Biological  Tools 

>/ 

Table  2-6.  Applicability  of  Diagnostic  Tools  to  General  Hydrogeologic  Settings 


Diagnostic  Tool 

Hydrogeologic  Setting 

I 

H 

III 

IV 

V 

Granular 
Media  with 
Mild 

Heterogeneity 
and  Moderate 
to  High 
Permeability 

Granular  Media 
with  Mild 
Heterogeneity 
and  Low 
Permeability 

Granular 
Media  with 
Moderate  to 
High 

Heterogeneity 

Fracture 
Media 
with  Low 
Matrix 
Porosity 

Fracture 
Media 
with  High 
Matrix 
Porosity 

Multi-Level  Monitoring  Systems 

Rock  Matrix  Characterization 

Mass  Flux  Measurement 

Synoptic  sampling 

SSP 

V 

PFM 

RFM 

>/ 

Compound  Specific  Isotope 

Analysis 

V 

V 

Molecular  Biological  Tools 

Y 

>/ 

Y 

V 

V 

Note:  See  NRC,  2005  for  detailed  descriptions  of  generic  geologic  settings 
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Table  2-7.  Applicability  of  Diagnostic  Tools  to  Selected  Generic  Remedial  Technologies 


Diagnostic  Tool 

Applicable  Generic  Remedial  Technology 

Groundwater 
Extraction  and 
Treatment 

In-Situ  Chemical 
Oxidation 

In-Situ 

Bioremediation 

Thermal 

Treatment 

Multi-Level  Monitoring  Systems 

z 

z 

z 

z 

Rock  Matrix  Characterization 

z 

z 

z 

z 

Mass  Flux  Measurement  (all  types) 

z 

z 

z 

z 

Compound  Specific  Isotope  Analysis 

z 

z 

Molecular  Biological  Tools 

z 

The  multi-level  monitoring  systems  discussed  in  this  report  used  to  monitor  the  vertical 
distribution  of  contaminants  include  the  following: 

•  Groundwater  FLUTe  (a  trademark  name  for  Flexible  Liner  Underground 
Technologies) 

•  Solinst  CMT®  (Continuous  Multichannel  Tubing)  System 

•  Solinst  Waterloo  System 

•  Westbay  System 

•  ZIST™  (Zone  Isolation  Sampling  Technology  by  BESST,  Inc.,  a  nested  well  system) 

These  multi-level  monitoring  systems  were  compared  to  conventional  nested  sampling  systems 
in  both  unconsolidated  saturated  zones  (Fort  Lewis)  and  consolidated  saturated  zones  (Watervliet 
Arsenal). 

To  determine  the  distribution  of  contaminants  within  a  consolidated  formation,  a  unique  rock 
core  collection,  sampling,  and  extraction  method  for  determining  VOC  concentrations  in  the  rock 
matrix  was  used  at  the  Watervliet  Arsenal  (Parker,  2007). 

Of  particular  interest  in  this  study  was  a  careful  comparison  of  four  technologies  capable  of 
estimating  the  mass  flux  and  mass  discharge  emanating  from  source  zones  contributing 
chlorinated  chemicals  to  groundwater  plumes.  The  four  technologies  evaluated  at  Vandenberg 
AFB  included  (i)  transect  method  using  synoptic  sampling  from  monitoring  wells,  (ii)  passive 
flux  meter  (PFM)  technology,  (iii)  steady-state  pumping  (SSP)  of  wells  in  a  transect,  and  (iv) 
recirculation  flux  measurement  (RFM).  The  transect  method  was  also  evaluated  at  both  Fort 
Lewis  and  Watervliet  Arsenal,  the  integral  pumping  test  was  used  at  Watervliet  Arsenal,  and  the 
PFM  technology  was  assessed  at  Fort  Lewis. 

At  both  the  Fort  Lewis  and  Watervliet  Arsenal  sites,  CSIA  was  used  to  evaluate  whether  abiotic 
(Watervliet  Arsenal)  and  biotic  (Fort  Lewis)  transformations  could  explain  the  reduction  in 
concentrations  of  the  chlorinated  chemicals  found  at  these  sites.  The  CSIA  technology,  based  on 
the  change  in  the  carbon  isotope  ratios  before  and  after  remediation,  is  capable  of  distinguishing 
physical  transformations  from  biotic  or  abiotic  transformations  (USEPA,  2008). 
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Finally,  at  Fort  Lewis,  a  suite  of  MBTs  was  used  to  assess  the  performanee  of  an  in-situ 
bioremediation  technology  using  whey  as  the  electron  donor  to  achieve  reductive  dehalogenation 
of  chlorinated  solvents  in  the  saturated  zone. 

2.2.5.  Utility  of  Diagnostic  Tools  for  Optimization  of  Remedial  Strategies  for  Chlorinated 
Solvent  Sites 

As  a  general  rule,  the  use  of  innovative  diagnostic  tools,  such  as  those  discussed  in  this  report, 
may  lead  to  increased  costs  of  site  investigation  or  monitoring  activities.  Cost  analyses  of  each  of 
the  tools  evaluated  in  this  study  are  summarized  in  later  sections.  Also,  more  details  are  provided 
in  each  of  the  site  reports  (Malcolm  Pimie  et  al.,  2010;  Malcolm  Pirnie  and  University  of 
Waterloo,  2010;  North  Wind,  2010).  For  example,  at  first  glance,  the  use  of  the  transect  method 
to  estimate  mass  discharge  from  a  source  may  require  the  installation  of  numerous  multi-level 
monitoring  wells  to  obtain  an  accurate  estimate  of  the  mass  discharge  of  a  chemical  emanating 
from  a  source  zone,  and  would  therefore  seem  to  be  a  costly  proposition.  However,  an  accurate 
estimate  of  the  mass  discharge  can  provide  the  basis  for  improved  decision-making  at  the  site, 
and  possibly  result  in  the  net  life-cycle  site  costs  being  lower  due  to  the  implementation  of  the 
transect  method.  Understanding  the  spatial  and  temporal  distribution  of  mass  discharge  results  in 
a  more  efficient  design  of  any  in-situ  remedy  because  the  remedy  will  target  the  zones  of  highest 
mass  discharge.  This  can  result  in  a  more  cost-effective  and  potentially  more  accelerated 
cleanup. 

Table  2-8  lists  a  few  of  the  critical  site  strategic  decisions  that  must  be  made  at  chlorinated 
solvent-contaminated  sites  and  the  corresponding  diagnostic  tools.  At  most  sites,  monitored 
natural  attenuation  (MNA)  or  natural  attenuation  (NA)  without  monitoring  will  likely  be  a 
component  of  the  final  remedial  strategy  given  the  technical  and  economic  barriers  to  complete 
site  restoration  (i.e.,  removal  of  all  contaminants  to  background  levels,  usually  defined  as  “non- 
detect”  values).  Acceptance  of  MNA  by  site  stakeholders  often  depends  on  the  use  of  several 
lines  of  evidence  to  confirm  that  risks  of  further  migration  and  receptor  impacts  are  acceptably 
low  (USEPA,  1999).  Demonstrating  that  the  chemicals  of  concern  are  being  depleted  by  biotic  or 
abiotic  processes  is  essential  for  remedy  acceptance.  This  issue  can  be  resolved  through  the  use 
of  CSIA  technologies  as  well  as  specific  MBTs  that  demonstrate  the  presence  of  microbes 
capable  of  biological  transformations.  These  tools,  combined  with  measurements  of  critical 
chemical  parameters  (e.g.,  pH,  dissolved  organic  carbon,  chemical  species  distribution),  can 
provide  the  data  needed  to  assess  the  applicability  of  MNA. 
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Table  2-8.  Process  Mechanisms  and  Diagnostic  Tools 


Issue  to  be  Resolved 

Examples  of  Diagnostic  Tool  Options 

Chemical  transformation  vs.  physical  changes 

Compound  Specific  Isotope  Analysis 

Molecular  Biological  Tools 

Applicability  of  MNA  via  degradation 

Compound  Specific  Isotope  Analysis 

Molecular  Biological  Tools 

Abiotic  vs.  biotic  degradation 

Compound  Specific  Isotope  Analysis 

Molecular  Biological  Tools 

Distribution  of  contaminants  in  the  subsurface 
in  fractured  consolidated  media 

Rock  coring  and  extraction 

DNAPL  distribution 

FLUTe  a  multi-level  monitoring  system 

Preferential  flow  paths 

Multi-level  monitoring  systems 

Source  strength 

Mass  flux/discharge  measurement  tools 

The  location  and  distribution  of  DNAPLs  found  at  chlorinated  solvent  sites  represent  a  difficult 
remediation  challenge,  as  has  been  well-documented  by  USEPA,  NRC,  and  ITRC.  This  is 
particularly  the  case  in  consolidated  media  as  demonstrated  in  the  study  at  the  Watervliet  Arsenal 
discussed  herein.  Many  other  case  studies  are  available  in  the  literature.  Recent  summaries  of 
diagnostic  tools  for  DNAPL  characterization  (Kueper  and  Davies,  2009;  Mercer  et  ah,  2010) 
document  the  continued  challenges  to  locating  and  remediating  DNAPLs  in  the  subsurface. 
However,  if  multi-level  monitoring  systems  combined  with  geophysical  measurements  can 
identify  the  preferential  flow  paths  in  the  saturated  zone,  targeted  remedial  strategies  are  more 
likely  to  achieve  mass  removal  to  the  “extent  practicable”  at  these  difficult  sites. 
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3.0  MULTI-LEVEL  MONITORING  SYSTEMS 


Historically,  the  performance  of  remediation  systems  at  chlorinated  solvent-contaminated  sites 
has  been  evaluated  using  two-dimensional  measurements  of  dissolved  contaminant 
concentrations  in  aquifers.  Due  to  heterogeneities  in  the  subsurface  and  other  factors,  however, 
the  spatial  distribution  of  contaminants  and  hydraulic  properties  in  the  subsurface  are  highly 
variable,  particularly  in  the  vertical  direction.  It  is  difficult  for  typical  groundwater  monitoring 
efforts,  especially  those  relying  on  sparse  networks  of  long-screened  wells,  to  determine  where 
the  majority  of  the  contaminant  mass  is  migrating  and  thus  whether  or  not  remediation  systems 
are  effective  in  reducing  that  migration  and/or  removing  the  mass  from  the  subsurface. 

At  sites  with  complex  geologies,  such  as  fractured  rock  sites,  the  evaluation  of  in-situ  technology 
performance  is  complicated  further  by  contaminant  migration  through  discrete  fractures.  In  order 
to  improve  subsurface  characterization  and  remedial  performance  assessment,  this  ESTCP 
project  evaluated  several  tools  to  improve  resolution  of  the  subsurface  distribution  of 
contaminants  and  hydraulic  properties,  including  multi-level  monitoring  systems,  a  nested  well 
system,  and  rock  matrix  characterization.  Multi-level  monitoring  systems  and  the  nested  well 
system  discussed  in  this  section  can  be  used  in  both  consolidated  and  unconsolidated  geologies 
to  measure  contaminants  and  hydraulic  properties  with  depth,  and  correspond  to  the  first  of  the 
five  types  of  innovative  diagnostic  tools  addressed  in  this  report  as  discussed  in  Section  2.0. 

Rock  matrix  characterization,  which  is  only  applicable  to  consolidated  media,  is  discussed  in 
Section  4.0. 

3.1.  Description  of  Multi-Level  Monitoring  Systems 

Conventional  groundwater  monitoring  is  conducted  using  dedicated  equipment  to  collect 
hydraulic  head  data  and  groundwater  samples  that  represent  an  average  measure  from  each  well 
(i.e.,  blended  values  over  open  or  screened  interval).  In  contrast,  multi-level  monitoring  systems 
are  designed  to  collect  hydraulic  head  data  and  depth-discrete  samples  over  a  multiple,  relatively 
short  vertical  intervals  of  the  subsurface  within  a  single  borehole  (ITRC,  2004;  Einarson,  2006). 
Multi-level  monitoring  systems  therefore  provide  a  better  understanding  of  the  location  of 
contaminants  as  well  as  the  changes  in  concentration  with  depth  within  the  contaminant  plume. 

For  clarity  of  discussion,  a  general  nomenclature  for  these  devices  is  presented  here,  followed  by 
a  description  of  their  uses  in  general.  The  term  “general-purpose  multi-level  monitoring  system” 
(MEM  system)  refers  to  an  engineered  assembly  of  various  components  installed  in  a  single 
borehole  to  achieve  the  following: 

•  Obtain  depth-discrete  measurements  of  water  pressure  (or  hydraulic  head) 

•  Acquire  groundwater  samples  at  specific  depths  for  analysis 

•  Conduct  tests  to  measure  the  hydraulic  characteristics  of  the  monitored  interval 

For  the  purposes  of  this  evaluation,  an  MEM  system  is  defined  as  a  single-cased  (or  “single¬ 
tube”)  entity  capable  of  monitoring  at  least  two  discrete  intervals  within  a  borehole.  Several 
MEM  systems  fitting  this  definition  are  described  in  the  literature;  however,  only  four  systems 
are  available  commercially. 
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These  four  systems  are  manufactured  by  three  companies  as  follows: 


•  Flexible  Liner  Underground  Technologies,  LLC  (the  Groundwater  FLUTe^’'^) 

•  Solinst  Canada  (the  CMT®  system  and  the  Waterloo  system) 

•  Schlumberger  Water  Services  (Westbay  system) 

In  addition  to  these  MLM  systems,  a  nested  well  technology  is  also  available.  Nested  wells  are 
considered  to  be  two  or  more  wells  installed  in  a  single  borehole,  stacked  one  above  the  other 
with  seals  placed  in  between.  The  commercially  available  nested  well  system  considered  here  is 
the  ZIST™  System  (BESST  Inc.).  A  summary  of  key  attributes  of  each  system  is  provided 
below. 

3. 1. 1.  Water  FL  UTe™  system 
Description 

A  schematic  of  the  FLUTe^’'^  system  is  shown  on  Figure  3-1.  The  system  is  described  in  detail 
by  Cherry  et  al.  (2007).  The  FLUTe™  system  consists  of  a  pressurized  flexible  polyurethane- 
coated  nylon  liner  emplaced  in  a  borehole  by  interior  water  pressure  exceeding  the  formation 
pressure,  sealing  the  borehole  completely.  Sampling  intervals  are  set  using  exterior  spacers  that 
are  placed  between  the  borehole  wall  and  the  liner.  This  system  therefore  must  be  pre-designed 
and  custom-built  for  each  borehole;  however,  its  installation  does  not  require  use  of  a  drill  rig 
once  the  hole  is  drilled.  Each  sampling  interval  is  sealed  from  the  remainder  of  the  borehole  by 
the  water  pressure  inside  the  liner.  A  sample  tube  equipped  with  a  check- valve  system  brings 
water  from  the  formation  up  to  the  ground  surface  to  be  collected  and  monitored.  The  FLUTe™ 
system,  which  can  accommodate  from  1  to  20  ports,  is  typically  used  for  deeper  applications  in 
stable  holes  (e.g.,  core  holes  in  fractured  bedrock). 
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Figure  3-1.  Water  FLUTe™  Schematic 
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Installation  Methods 

The  installation  of  a  FLUTe™  system  is  completed  by  a  trained  technician  from  Flexible  Liner 
Underground  Technologies,  Inc.  The  liner  is  rolled  off  of  a  shipping  reel  and  is  emplaced  into  the 
borehole  (Figure  3-2)  via  an  eversion  process.  Water  is  added  to  the  interior  of  the  liner,  driving 
the  liner  deeper  into  the  borehole,  pulling  the  inside-out  liner  from  the  reel.  It  is  this  interior 
water  pressure  that  is  the  driving  force  for  the  installation.  More  details  on  the  installation 
procedure  are  provided  by  Cherry  et  al.  (2007). 
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Figure  3-2.  Water  FLUTe^''*  Installation  at  the  Watervliet  Arsenal 


The  installation  of  a  FLUTe™  system  is  affeeted  by  many  faetors,  ineluding  depth  and  diameter 
of  the  borehole,  the  relative  transmissivity  of  the  borehole,  the  depth  to  the  water  table,  and  the 
rate  at  which  water  can  be  supplied  to  fill  the  liner.  A  FLUTe^M  system  can  be  installed  in  most 
types  of  boreholes  of  varying  diameters.  Typically,  a  system  can  be  installed  in  less  than  one 
day.  FLUTe^M  systems  can  be  removed  by  pumping  out  the  water  inside  the  liner  and  pulling  the 
liner  out  of  the  well  from  the  bottom  up. 

Operation 

The  FLUTe^'^  system  uses  compressed  nitrogen  gas  to  purge  and  sample  each  of  the  ports 
installed  within  the  system.  The  water  flows  directly  from  the  formation  through  the  spacer  and 
into  the  sampling  tube  with  the  check-valve  system,  which  prevents  the  water  in  the  tube  from 
contacting  the  nitrogen  drive  gas.  The  compressed  nitrogen  gas  pushes  the  formation  water  to  the 
surface.  Since  the  water  in  the  sample  tube  flows  directly  from  the  formation  under  natural 
hydrostatic  pressure,  it  is  only  necessary  to  purge  the  small  volume  of  water  in  the  sampling  tube 
before  sampling.  Because  each  sampling  port/tube  is  self-contained,  several  sampling  zones  can 
be  purged  and  sampled  simultaneously  using  a  sampling  manifold. 

3.1.2.  CMJ®  System 
Description 

The  CMT®  system  uses  a  continuous  length  of  polyethylene  multichannel  tubing.  Einarson  and 
Cherry  (2002)  describe  the  system  in  more  detail.  The  number  and  location  of  ports  may  be 
determined  prior  to  or  following  drilling  the  borehole.  A  port  is  created  in  up  to  seven  channels 
per  system  to  monitor  specified  depths  determined  from  boring  logs  or  geophysical  tests 
conducted  prior  to  assembly  of  the  system.  Three-channel  tubing  is  also  available  to  construct 
systems  with  up  to  three  ports.  As  shown  on  Figure  3-3,  a  plug  is  positioned  and  sealed  in  the 
channel  just  below  the  port  opening  and  a  stainless  steel  screen  is  placed  over  the  port  to  prevent 
fines  from  entering.  A  vent  hole  is  created  just  below  the  seal  to  allow  air  to  escape  as  the  system 
is  lowered  into  the  borehole.  Each  channel  is  sealed  at  the  bottom  of  the  tubing  to  prevent  cross¬ 
communication  between  zones.  The  CMT®  system  can  be  sealed  in  place  using  standard  sand 
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and  bentonite  layers  plaeed  via  a  tremie  pipe.  Alternatively,  bentonite  and  sand  eartridges  ean  be 
preinstalled  at  surfaee  prior  to  installation  of  the  system  (van  Dijk,  2005). 

Figure  3-3.  CMT®  System  Monitoring  Port 


Source:  www.solinst.eom/Prod/403/403d7.html 

Installation  Methods 

There  are  two  CMT®  systems  available  to  aeeommodate  various  borehole  sizes.  The  1.1-ineh 
outer  diameter  polyethylene  tubing  is  segmented  into  three  ehannels,  providing  three  depth- 
discrete  sampling  zones.  This  three-channel  system  was  developed  for  smaller  diameter 
installations,  such  as  when  DP  methods  are  used,  creating  a  narrow  annulus  for  seal  placement. 
The  1.7-inch  outer  diameter  polyethylene  tubing  is  segmented  into  seven  channels  and  allows  for 
up  to  seven  depth-discrete  zones  of  groundwater  monitoring. 

A  CMT®  system  is  built  completely  above  ground  and  then  inserted  into  the  borehole.  The  tubing 
is  laid  out  near  the  borehole  and  zones  are  marked  on  the  tubing  to  show  where  the  channel 
opening  will  be  created.  If  packers  and/or  sand  packs  are  used  to  seal  the  zones,  they  are  installed 
or  attached  to  the  tubing  in  place  outside  of  the  borehole  prior  to  installation.  However,  if  the 
zones  are  sealed  using  traditional  sand  and  bentonite  layers,  a  mesh  screen  is  placed  over  the  port 
inlet  holes.  The  CMT®  system  is  installed  as  one  continuous  piece  of  tubing.  The  tubing  comes  in 
lengths  of  100-,  200-,  and  300-feet  coils.  Low-profde  borehole  centralizers  are  used  to  help 
center  the  system  in  the  middle  of  the  borehole  so  that  a  good  seal  can  be  created  between  the 
monitoring  zones  and  prevent  cross-communication.  Once  the  system  is  installed  into  the 
borehole,  alternating  layers  of  sand  and  bentonite  are  poured  via  a  tremie-pipe  into  the  annulus. 
The  sand  is  poured  around  the  monitoring  zone,  while  the  bentonite  is  used  to  seal  the  zones. 

Operation 

CMT®  systems  can  be  used  for  measuring  water  levels  as  well  as  for  collecting  groundwater 
samples  from  up  to  seven  monitoring  zones  in  one  borehole  (for  the  larger  of  the  two  available 
sizes).  A  peristaltic  or  double-valve  pump  is  used  for  both  purging  and  sampling  groundwater  in 
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these  systems.  Purging  of  the  monitoring  interval  is  required  prior  to  colleeting  a  groundwater 
sample.  Equipment  used  for  eolleeting  groundwater  samples  from  CMT®  is  dedieated  to  eaeh 
channel  (e.g.,  0.25-inch  outer  diameter  Teflon  tubing  extending  from  surface  to  each  monitoring 
interval)  or  is  disposable,  reducing  the  risk  of  cross-contamination  between  monitoring  zones  at 
one  location. 


3.1.3.  Waterloo  System 
Description 

The  Waterloo  system  uses  modular  components  that  form  a  sealed  casing  string  of  various  casing 
lengths,  packers,  ports,  a  base  plug,  and  a  surface  manifold  (Figure  3-4).  Monitoring  tubes 
attached  to  the  stem  of  each  port  individually  connect  that  monitoring  zone  to  the  surface.  Thus, 
formation  water  enters  the  port,  passes  into  the  stem,  up  into  the  monitoring  tube  attached  to  the 
stem,  to  its  static  level.  A  sampling  pump  or  pressure  transducer  may  be  dedicated  to  each 
monitoring  zone  by  attachment  to  the  port  stem.  Dual-stem  ports  are  available  to  allow  both 
sampling  and  hydraulic  head  measurements  from  the  same  port.  Alternatively,  the  monitoring 
tubes  may  be  left  open  to  allow  sampling  and  hydraulic  head  measurements  with  portable 
equipment.  A  manifold  completes  the  system  at  the  surface.  The  manifold  organizes,  identifies, 
and  coordinates  the  tubes  and/or  cables  from  each  monitoring  zone.  The  manifold  allows 
connection  to  each  transducer  in  turn,  and  provides  a  one-step  connection  for  operation  of 
pumps.  When  dedicated  pumps  are  selected,  it  allows  individual  zones  to  be  purged  separately, 
or  purging  of  many  zones  simultaneously  to  reduce  field  times. 

Figure  3-4.  Waterloo  System 
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Installation  Methods 

The  Waterloo  system  can  be  used  to  monitor  multiple  zones  within  unconsolidated  formations, 
as  well  as  in  bedrock.  There  are  three  methods  of  system  installation: 

•  Within  hollow-stem  augers  or  temporary  casing  using  natural  formation  collapse 

•  Within  hollow-stem  augers,  temporary  casing,  rotasonic  (or  similar  dual-casing 
methods),  or  open-bedrock  boreholes  using  standard  tremie  methods  to  place  sand 
around  the  ports  and  bentonite  seals  in  the  annular  space  between  the  monitoring 
zones 
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•  Within  open-bedrock  boreholes  or  cased  and  screened  wells,  using  packers  to  seal 
zones 


Operation 

The  maximum  number  of  monitoring  zones  for  a  system  is  determined  by  the  number  of  tubes 
and/or  cables  that  will  fit  inside  the  casing  string.  This  number  is  dependent  on  the  monitoring 
options  chosen.  Systems  can  be  designed  to  monitor  from  two  to  as  many  as  24  zones.  The  most 
basic  version  uses  open  tubes  attached  to  each  port.  This  option  allows  monitoring  with  a 
portable  sampler  and  a  narrow-diameter  water  level  meter.  A  mix  of  open  tubes  and  dedicated 
equipment  in  different  zones  is  also  possible.  This  method  combines  the  advantages  of  less 
expensive  portable  equipment  for  shallower  zones  (e.g.,  <100  ft)  and  the  more  time-efficient 
dedicated  equipment  for  deeper  zones. 

3.1.4.  Westbay  System 
Description 

The  Westbay  system  is  a  modular  casing  system  composed  of  a  single,  closed  access  tube  made 
up  of  varying  lengths  of  piping.  The  system  is  connected  by  regular  couplings  as  well  as  two 
types  of  valved  port  couplings  (measurement  port  and  pumping  port)  to  seal  and  provide  access 
to  a  large  number  of  monitoring  zones  in  a  single  borehole.  Hydraulically  filled  packers  or  select 
backfill  are  used  to  seal  the  annulus  between  each  of  the  monitoring  zones.  The  access  tube  is 
hydraulically  sealed  during  installation  by  using  an  end  cap  at  the  bottom  of  the  access  tube  and 
incorporating  0-rings  whenever  a  coupling  is  used.  As  shown  on  Figure  3-5,  a  typical 
monitoring  zone  consists  of  a  measurement  port  coupling,  a  magnetic  collar  that  is  used  to  locate 
each  monitoring  zone,  and  a  pumping  port  coupling.  The  monitoring  zone  sequence  is 
approximately  five  feet  in  length  with  the  magnetic  collar  placed  midway  between  the  two  ports, 
although  the  actual  monitored  zone  extent  may  be  larger  depending  on  packer  placement.  As 
illustrated  in  Figure  3-5,  a  single  well  installation  may  include  dozens  of  these  vertically  discrete 
monitoring  zones.  Meyer  et  al.  (2008)  describe  a  36-port  system  installed  to  a  depth  of  430  feet. 
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Figure  3-5.  Westbay  System  with  Monitoring  Ports 


Source:  Westbay  Instruments  Inc.  1992-94,  Multi-Level  Groundwater  Monitoring  with  the  MP  System. 

The  Westbay  system  utilizes  portable,  wireline-operated  tools  to  earry  out  various  funetions, 
ineluding  water  level/pressure  measurements,  sample  eolleetion,  and  hydraulic  tests. 

Installation  Methods 

Casing  used  for  the  Westbay  systems  is  available  in  two  sizes  to  accommodate  various  borehole 
sizes.  The  MP38  System  has  an  inside  diameter  of  38  millimeters  (1.5  inches)  and  is  generally 
used  in  boreholes  or  casings  whose  inside  diameter  ranges  from  three  to  five  inches.  The  MP55 
System  has  an  inside  diameter  of  55  millimeters  (2.25  inches)  and  is  generally  used  in  boreholes 
or  casings  whose  inside  diameter  ranges  from  3.9  to  6.25  inches.  The  casing  used  for  the  MP3 8 
System  consists  of  plastic,  which  is  typically  polyvinyl  chloride  (PVC),  and  some  stainless  steel 
components.  The  casing  used  for  MP55  Systems  are  composed  of  either  plastic  or  stainless  steel. 

Westbay  systems  can  be  installed  in  an  open  borehole,  through  a  temporary  guide  tube,  or  in  a 
cased  well.  There  is  no  limit  to  the  number  of  monitoring  zones  that  can  be  installed  in  a  single 
borehole,  except  for  constraints  on  borehole  depth,  monitoring  zone  length,  and  packer  lengths 
required  to  seal  between  zones.  The  minimum  monitoring  zone  is  about  2  feet  using  only  one 
type  of  port,  and  minimum  packer  lengths  are  about  3  feet.  An  on-site  technician  from  Westbay 
typically  helps  the  site  consultant  install  the  Westbay  system  and  will  train  the  consultant  in  how 
to  set  up  and  use  the  system. 

Operation 

Westbay  tools  and  probes  can  be  controlled  by  the  user  at  the  ground  surface  by  using  a  MAGI 
interface,  which  displays  the  pressure,  temperature,  and  status  of  the  tool  and/or  probe.  A  manual 
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or  motorized  winch  with  a  cable  connects  to  the  tool  and  lowers  and  raises  it  in  the  borehole.  The 
winch  has  a  counter  to  guide  the  user  on  the  depth  of  the  tool  and/or  probe  in  the  borehole. 

Prior  to  groundwater  sampling  or  collecting  pressure  measurements,  each  monitoring  zone  must 
be  purged  using  the  pumping  port.  Monitoring  zones  in  a  system  can  be  pumped  individually  or 
several  at  a  time.  Prior  to  purging  a  monitoring  zone,  the  water  from  inside  the  casing  is  removed 
and  all  other  ports  are  closed,  while  the  one  port  is  left  open.  The  water  that  remains  in  the  casing 
is  from  the  monitoring  zone  and  once  this  water  is  removed  from  inside  the  casing,  the 
monitoring  zone  is  considered  developed  and  can  be  sampled.  Hydrogeologic  tests  for  assessing 
hydraulic  conductivity  (e.g.,  slug  tests)  and  sampling  can  be  conducted  following  development. 
Unlike  a  conventional  long-screen  monitoring  well,  purging  is  not  required  prior  to  sampling  a 
Westbay  monitoring  zone  each  time.  It  is  only  necessary  to  develop  the  monitoring  zone  once. 

A  pressure  probe/sampling  tool  is  used  to  measure  fluid  pressure  and  to  collect  groundwater 
samples  from  a  monitoring  zone.  The  fluid  pressure  is  measured  by  the  MOSDAX®  pressure 
probe,  which  incorporates  a  location  arm,  a  backing  shoe,  a  face  seal,  and  a  fluid  pressure 
transducer.  A  groundwater  sample  is  collected  by  attaching  a  sample  container,  which  has  a 
sampling  valve  that  can  be  closed  or  open,  to  the  pressure  probe,  which  collectively  is  called  a 
sampling  tool.  Groundwater  samples  are  collected  through  the  measurement  port.  A  vacuum  is 
created  inside  the  sampling  tool  before  lowering  into  the  borehole.  The  pressure  probe  is  lowered 
into  the  borehole  and  connects  into  the  measurement  port  in  the  same  way  as  that  used  for 
measuring  fluid  pressure  of  the  formation.  A  sample  from  the  formation  is  collected  once  the 
sampling  valve  is  opened,  allowing  water  from  the  formation  to  flow  through  the  probe  and  enter 
the  sample  container.  When  the  sampling  valve  is  initially  opened,  the  fluid  pressure  decreases;  it 
then  recovers  as  the  water  in  the  container  builds  to  the  formation  pressure.  Once  the  fluid 
pressure  is  equal  to  or  slightly  less  than  the  formation  pressure,  the  sample  container  is 
considered  full  and  the  sampling  valve  is  closed  and  the  sample  container  can  be  brought  to  the 
ground  surface. 

3.1.5.  ZlS'n^  system 
Description 

The  ZIST^i^  system  was  specifically  developed  so  that  a  well  screen  could  be  isolated, 
drawdown  eliminated,  and  purge  volume  could  be  reduced.  The  ZIST^m  system  is  essentially  a 
pumping  system  used  to  isolate  the  screened  interval  of  a  well.  It  can  be  used  in  conjunction  with 
nested  wells  installed  in  a  single  borehole;  however,  the  number  of  monitoring  zones  is  very 
limited.  Thus  the  ZIST™  system  may  is  not  considered  to  be  a  MLM  system  in  the  same 
category  as  the  other  systems.  The  system  consists  of  a  standard  PVC  well  construction  in  which 
a  pump  (0.75 -inch  or  1.75 -inch  outer  diameter)  and  sensor/data  logger  dock  into  the  well  screen 
receptacle  located  between  the  well  screen  and  riser  pipe  (Figure  3-6).  When  the  pump  and 
sensor/data  logger  are  docked,  the  screened  interval  is  sealed  off  for  monitoring  and  sampling.  A 
simultaneous  control  unit  is  used  by  the  operator  to  control  the  pressure  of  the  nitrogen  gas  being 
used  as  the  driver  to  push  water  up  to  the  surface  as  well  as  the  rate  at  which  the  water  is  pumped 
out.  This  control  unit  allows  for  the  purging  and  sampling  of  multiple  zones  at  the  same  time. 

Various  sensors  can  be  placed  in-line  with  the  pump  to  measure  pressure  and  the  chemistry  of 
the  formation  groundwater  while  operating.  When  the  pump  is  not  operating,  the  sensor  can 
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detect  the  same  parameters  under  static  conditions  in  the  well  screen  and  groundwater  formation 
only.  Electronic  down-hole  sensors  with  data  loggers,  or  fiber  optic  sensors,  can  also  provide 
information  on  the  pore  pressure,  temperature,  conductivity,  and  other  useful  chemical  data 
within  the  well  screen  and  formation  groundwater.  Due  to  the  design  of  the  well  screen 
receptacle,  the  riser  pipe  water  does  not  come  into  contact  with  the  water  in  the  monitoring  zone, 
allowing  for  continuous  monitoring  of  groundwater  conditions  within  the  zone  between  sampling 
events,  and  greatly  reduced  purge  volumes  during  sampling. 

Figure  3-6.  ZIST™  System  Schematic  of  Pump  and/or  Sensor  Docked 


Installation  Methods 

The  installation  of  a  ZIST^i^  system  is  typically  completed  by  the  site  consultant  along  with 
assistance  and  training  from  a  knowledgeable  technician  from  BESST,  Inc.  A  ZIST™  system 
can  be  easily  integrated  into  boreholes  or  monitoring  wells  from  0.75  inches  to  greater  than  four 
inches  in  diameter.  The  monitoring  zones  are  constructed  by  pouring  sand  around  the  riser  screen 
and  pouring  bentonite  above  the  sand  to  create  a  seal  between  two  monitoring  zones  and 
reducing  the  possibility  of  cross-contamination. 

Operation 

Water  in  the  sample  tube  is  pushed  to  the  surface  using  compressed  air  or  nitrogen.  Because  the 
water  in  the  sample  tube  flows  directly  from  the  formation  around  the  screened  interval  under 
natural  hydrostatic  pressure,  it  is  only  necessary  to  purge  the  small  volume  of  water  in  the 
sample  tube  before  sampling.  Because  each  zone  is  self-contained  with  its  own  pump  and  tubing, 
all  sampling  zones  can  be  purged  simultaneously.  The  tubing,  pump,  and  sensor/data  logger  can 
be  removed  from  each  well  with  relative  ease  in  order  to  download  data  and  maintain  system 
components. 
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3.2.  Status  of  Multi-Level  Monitoring  Systems 

MLM  systems  are  available  commercially  and  have  been  used  at  many  sites.  There  is  substantial 
published  literature  concerning  MLM  systems  and  other  approaches  to  depth-discrete 
groundwater  monitoring.  Einarson  (2006)  provides  an  overview  encompassing  all  types  of  MLM 
systems  and  well  nests  and  clusters  used  in  North  America.  The  manufacturers  provide  detailed 
information  about  their  MLM  systems  on  their  web  sites.  The  Westbay  system,  which  is 
described  by  Black  et  al.  (1986)  and  a  more  recent  application  by  Meyer  et  al.  (2008),  was  the 
first  MLM  system  to  enter  the  marketplace  (in  the  late  1970s).  This  was  followed  by  the 
Waterloo  system  in  the  late  1990s.  Cherry  and  Johnson  (1982)  described  an  early  pre-production 
version  of  the  Waterloo  system  and  Parker  et  al.  (2006)  described  a  recent  version  of  the 
Waterloo  system  installed  in  rotasonic  holes.  The  CMT®  system  described  by  Einarson  and 
Cherry  (2002)  and  the  FLUTe  system  described  by  Cherry  et  al.  (2007)  entered  the  marketplace 
in  the  late  1990s.  The  ZIST™  nested  well  system  also  entered  the  marketplace  in  the  late  1990s. 
Each  of  these  systems  has  been  used  in  numerous  investigations  of  sites  distributed  across  North 
America,  and  some  of  the  systems  have  been  used  on  other  continents.  There  is  substantial 
reporting  on  the  uses  of  MLM  systems  in  site  characterization  reports  and  conference 
proceedings. 

3.2.1.  Cost 

Comparison  of  costs  between  MLM/nested  well  systems  are  complex  and  require  specifications 
to  narrow  the  monitoring  purpose  and  scope  in  the  context  of  the  factors  listed  above,  and  also 
inclusion  of  the  labor  time  required  to  conduct  the  monitoring  and  sampling.  The  costs  for  multi¬ 
level  monitoring  systems  include  the  following: 

•  MLM  system  purchase  and  shipment  to  the  site 

•  MLM  system  installation  labor,  including  MLM  system  manufacturer  and  site 
personnel 

•  MLM  system  installation  equipment  and  materials,  including  backfill  materials 

•  Labor  costs  associated  with  MLM  system  sampling 

•  Analytical  costs  for  MLM  system  sample  analysis 

•  MLM  system  operations  and  maintenance  costs  (where  applicable),  including 
maintenance  of  down-hole  equipment  (Westbay) 

•  Purchase  or  rental  of  required  sampling  equipment  (particularly  for  Westbay  systems) 

After  installation,  the  life-cycle  cost  of  an  MLM  system  will  be  mostly  dependent  on  the 
frequency  of  sampling,  the  number  of  samples  to  be  collected,  and  the  labor  and  equipment 
necessary  to  conduct  the  sampling.  For  example,  the  FLUTe  system  utilized  at  Watervliet 
Arsenal  required  relatively  little  labor  and  equipment  for  sampling  and  no  operations  and 
maintenance  costs.  Conversely,  the  Westbay  system  required  a  two-person  team  to  efficiently 
operate  and  decontaminate  the  down-hole  equipment  necessary  for  sampling,  and  maintenance  of 
the  down-hole  equipment  (wireline  repairs)  was  required  to  keep  it  in  proper  working  condition. 
Sampling  costs  for  the  CMT  and  nested  well  systems  at  Watervliet  Arsenal  varied,  but  were 
generally  greater  than  those  of  the  FLUTe  and  less  than  those  of  the  Westbay. 
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For  a  comparison  of  initial  system  capital  costs,  vendor  quotes  were  obtained  for  the  ZIST™ 
system  and  various  MLM  systems  with  the  following  hypothetical  configuration,  to  enable  direct 
comparisons  among  the  vendors: 

•  Depth  to  groundwater:  10’  bgs 

•  Total  depth  for  monitoring:  150’  bgs 

•  Number  of  monitoring  zones:  3 

•  Geology:  bedrock 

•  Borehole  size:  6” 

•  Capabilities:  groundwater  sampling  and  water  level  measurement 

•  Channels  for  CMT:  7 

•  Installation  method:  sand  and  bentonite  (i.e.,  no  packers  for  Westbay  or  Waterloo 
systems) 

The  estimated  costs  are  summarized  in  Table  3-1  below  and  are  presented  in  2008  US  dollars. 
These  costs  do  not  include  charges  for  drilling  or  sampling,  or  for  any  other  operational  costs 
(e.g.,  electricity,  purged  water  disposal,  decommissioning).  Note,  however,  that  each  system  has 
inherent  capabilities  and  limitations  so  that  selection  based  only  on  cost  considerations  is  not 
practical,  with  much  more  consideration  required  on  the  intended  monitoring  purpose  and  scope 
in  the  context  of  many  of  the  factors  listed  above. 
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Table  3-1.  Initial  Capital  Cost  Comparisons  for  ZIST™  and  Multi-Level  Monitoring 

Systems 


System 

Major  Components 

Estimated  Costs 

Blatymini  pumps;  teflon  tubing;  riser  pipe;  well 
screens;  bentonite  pellets 

$7,500  (not  including 
transducers) 

ZIST™ 

(BESST,  Inc.) 

ZIST™  transducer  housings;  Troll  500  transducers; 
Troll  cables;  programming  cable 

$17,400  (including  transducers) 

ZIST™  training  for  installation  and  operation  (2 
days) 

$3,500  (includes  travel  and 
expenses) 

CMT  (Solinst, 

CMT-7-Channel  tubing;  centralizers;  wellhead; 
installation  tool  kit 

$1,800 

Inc.) 

Solinst  training  for  installation  and  operation  (2 
days) 

$3,600  (includes  travel  and 
expenses) 

Plastic  MP3  8  casing 

$6,400  (casing  components) 

Westbay 

(Schlumberger) 

$1,600  (2-day  rental  of  sampling 
equipment) 

$33,000  (purchase  of  sampling 
equipment) 

Westbay  technical  services  -  for  training  in 
equipment  operation 

$4,000  (includes  travel  and 
expenses) 

150  ft  Water  FLUTe  with  3  ports 

$10,400  (FLUTe  only) 

FLUTe 

Ancillary  equipment  for  installation  -  pump  tube; 
wellhead  roller  rental;  winch  plate  rental;  pump 
plate  rental;  shipping  reels 

$2,900  (for  ancillary  installation 
equipment) 

FLUTe  labor  to  install  system 

$6,000  (including  travel  and 
expenses) 

3.2.2.  Regulatory  Acceptance 

The  use  of  MLM  systems  (as  defined  herein)  has  been  accepted  by  state  and  federal  regulatory 
agencies  in  the  U.S.  as  a  useful  and  sometimes  required  tool  to  evaluate  the  vertical  distribution 
of  contaminants  in  groundwater.  The  use  of  nested  well  designs  has  been  generally  accepted  on 
both  the  state  and  federal  levels  in  many  areas  of  the  country.  However,  some  states  have  placed 
limits  on  nested  wells  due  to  uncertainty  over  the  integrity  of  the  seals  between  monitoring 
zones.  Regulatory  acceptance  of  MLM  systems  for  compliance  monitoring  wells  is  generally  a 
site-specific  decision.  In  many  cases,  the  use  of  conventional  monitoring  wells  for  compliance 
monitoring  may  be  required. 

3.3.  Applicable  Site  Settings  and  Remedial  Technologies 

MLM  systems  can  be  used  in  any  geologic  setting  but  are  most  useful  when  applied  in  settings 
with  a  high  degree  of  heterogeneity  where  contaminant  distribution  cannot  be  predicted  using 
non-invasive  methods  (i.e.,  modeling).  Data  provided  by  MLM  systems  can  also  be  critical  in  the 
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design  of  remedial  actions,  as  well  as  the  evaluation  of  remedial  efficacy.  However,  it  should  be 
noted  that,  due  to  the  materials  used  in  their  construction,  some  MLM  systems  may  not  be 
compatible  with  certain  remedial  technologies  (i.e.,  chemical  oxidants  or  high  temperatures). 
Valuable  uses  of  MLM  systems  include  the  following: 

•  Evaluation  of  subsurface  heterogeneity,  including  both  hydrogeologic  properties  (i.e., 
vertical  hydraulic  gradients  and  hydraulic  conductivity)  and  contaminant  distribution 

•  Understanding  of  the  distribution  of  materials  used  for  in-situ  remediation,  such  as 
chemical  oxidants  or  bioremediation  amendments 

•  Evaluation  of  the  geochemical  characteristics  of  groundwater  with  depth 

•  Mass  flux  discharge  evaluation 

3.4.  Advantages  and  Disadvantages  Compared  with  Other  Available  Approaches 

A  major  drawback  to  the  use  of  traditional  groundwater  monitoring  with  two-dimensional 
measurements  includes  the  method’s  proven  inability  to  determine  where  a  majority  of  the 
contaminant  mass  is  located  and  migrating  due  to  the  often  spatially  complex  distribution  of 
dissolved  contaminants;  variability  of  hydraulic  conductivity,  groundwater  flow  rate,  and 
direction;  and  variation  in  water  level  (Einarson  and  Cherry,  2002;  Reinhard  et  al.,  1984; 
Robertson  et  al.,  1991;  van  der  Kamp  et  al.,  1994).  Conventional,  two-dimensional  monitoring 
also  cannot  evaluate  vertical  variability  in  contaminants  and  degradation  daughter  products. 

Thus,  during  monitoring  of  sites  where  in-situ  remediation  materials  are  being  injected,  two- 
dimensional  monitoring  cannot  provide  data  to  support  evaluation  of  vertical  zones  that  are  not 
being  addressed  by  the  injection  strategy  and  hence  not  treated  or  treated  less  efficiently.  This 
can  significantly  impact  the  treatment  timeframe. 

Moreover,  several  studies  performed  in  the  last  two  decades  show  that  groundwater  samples 
collected  from  conventional  monitoring  wells  with  relatively  long  well  screens  (i.e.,  10  to  20 
feet)  are  often  significantly  biased.  In-well  blending  during  sampling  can  impart  a  significant 
negative  bias  to  the  samples,  resulting  in  measured  concentrations  that  can  be  much  less  than  the 
actual  concentrations  in  the  aquifer  (Robbins,  1989;  Gibs  et  al.,  1993).  In  addition,  ambient 
vertical  flow  of  groundwater  in  unpumped  long-screened  monitoring  wells  often  occurs  due  to 
natural  vertical  pressure  gradients  in  aquifers.  Ambient  vertical  flow  can  impart  a  significant 
negative  bias  that  is  not  removed  by  purging  prior  to  sampling  (Reilly  et  al.,  1989;  Church  and 
Granato,  1996;  Hutchins  and  Acree,  2000;  Elci  et  al.,  2001;  Elci  et  al.,  2003;  Metcalf  and 
Robbins,  2007).  Multi-level  monitoring  wells  typically  have  short  intake  intervals  (<1  m)  and  are 
constructed  so  that  vertical  flow  cannot  occur  in  the  wellbores.  Thus,  samples  collected  from 
properly  designed  and  constructed  MLM  systems  are  less  biased  than  samples  from  conventional 
monitoring  wells  with  long  well  screens  and  facilitate  more  accurate  definition  of  the  actual 
vertical  distribution  of  dissolved  contaminants  in  the  subsurface. 

Depth-discrete,  multi-level  monitoring  has  the  ability  to  evaluate  vertical  variability  in 
concentrations  of  parent  compounds  and  daughter  products  and  can  identify  discrete  vertical 
zones  that  may  or  may  not  have  more  efficient  degradation  occurring.  It  also  can  assist  in 
evaluating  the  architecture  of  DNAPL  source  zones  and  allow  for  the  targeting  of  high-mass 
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areas  during  remedial  design.  Depth-diserete  sampling  may  be  more  expensive  up-front  than 
two-dimensional  sampling,  due  to  inereased  sampling  costs  and  the  added  costs  of  MLM  system 
installation,  but  its  use  can  result  in  cost  savings  during  in-situ  treatment  due  to  optimization  of 
injection  strategies  to  target  vertical  intervals  not  being  fully  treated  and  to  target  areas  within  the 
source  zone  with  the  greatest  mass.  The  optimization  can  result  in  greater  mass  removal  rates, 
shorter  remedial  timeframes,  and  lower  life-cycle  remediation  costs. 

The  advantages  of  the  use  of  MLM  systems  and  nested  wells  include  the  following: 

•  The  ability  to  assess  vertical  hydrogeologic  characteristics,  including  hydraulic 
gradients 

•  Identification  of  high-permeability  zones  and  areas  of  predominant  contaminant  flux 

•  Improved  CSMs 

•  Better  definition  of  exposure  risks  based  on  the  improved  understanding  of 
contaminant  distribution 

Disadvantages  include  the  following: 

•  Requires  the  collection  of  more  samples  as  well  as  additional  costs  for  system 
procurement  and  installation,  increasing  both  analytical  and  investigation  costs. 
However,  each  zone  may  not  require  sampling  during  long-term  monitoring;  this 
should  be  evaluated  based  on  initial  data  from  all  zones  in  the  system  collected  during 
the  characterization  phase 

3.5.  Summary 

The  use  of  MLM  systems  and  nested  wells  allows  for  the  evaluation  of  vertical  variability  in 
contaminant  concentrations  as  well  as  hydrogeologic  conditions.  Although  the  use  of  MLM 
systems  may  result  in  additional  costs  due  to  increased  sample  collection,  their  use  is  typically 
justified  by  the  resulting  savings  obtained  from  optimization  of  subsequent  remedial  actions 
and/or  additional  investigations  that  may  be  required  to  address  previously  unknown  anomalies 
in  vertical  contaminant  distribution. 
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4.0  ROCK  MATRIX  CHARACTERIZATION 


This  section  discusses  the  second  of  the  five  types  of  innovative  diagnostic  tools  introduced  in 
Section  2.0.  Until  the  mid- 1990s,  NAPL  releases  in  fractured  rock  environments  were  thought  to 
pool  in  rock  fractures.  As  water  flowed  through  NAPL-inhabited  rock  fractures,  the  more  soluble 
constituents  would  partition  into  the  water  to  generate  a  plume  of  dissolved  contamination.  This 
plume  would  expand  to  downgradient  areas  from  the  NAPL-affected  area,  and  the  NAPL  would 
continue  to  reside  in  the  fractures  until  sufficient  dissolution  occurred  for  all  of  the  NAPL  to 
partition  to  the  aqueous  phase. 

Recent  advances  in  diagnostic  tools  have  modified  this  conceptualization  of  fractured  rock  sites 
(especially  sedimentary  rock  sites)  contaminated  with  NAPL.  Although  fractures  provide  the 
only  pathway  for  advective  transport  of  groundwater  and  chlorinated  solvents,  often  the  ratio  of 
the  void  space  due  to  the  presence  of  fractures  to  the  bulk  rock  volume  (“fracture  porosity”)  is 
several  orders  of  magnitude  less  than  the  matrix  porosity  of  the  rock  itself.  This  means  that  the 
capacity  of  the  rock  matrix  to  store  chlorinated  solvent  mass  is  orders  of  magnitude  greater  than 
the  storage  capacity  in  the  fractures.  This  matrix  storage  capacity  creates  a  diffusive  gradient  by 
which  chlorinated  volatile  organic  compounds  (CVOCs)  present  at  high  concentrations  in  the 
fractures  can  diffuse  into  the  bedrock  pore  spaces.  Thus,  although  DNAPL  may  still  exist  in 
some  fractures,  over  time,  the  majority  of  the  DNAPL  that  was  initially  present  in  the  fractures 
will  dissipate  due  to  dissolution  and  diffusive  mass  transfer  (Parker  et  ah,  1994;  Parker  et  ah, 
1997).  This  will  cause  most  of  the  CVOC  mass  to  reside  in  dissolved  and  sorbed  phases  in  the 
rock  matrix  and  not  in  the  bedrock  fractures.  In  this  case,  the  “rock  matrix”  is  defined  as  the 
intergranular  porosity  of  the  rock  and  micro-fractures  that  generally  do  not  contribute  to 
advective  groundwater  flow,  but  which  behave  in  a  similar  manner  as  the  intergranular  porosity 
in  terms  of  the  potential  for  VOC  mass  storage.  This  site  conceptualization  has  been  verified  at 
several  sites  throughout  the  U.S.  using  a  diagnostic  tool  allowing  for  the  measurement  of  CVOC 
mass  in  rock  matrix  pore  water.  This  technique  involves  the  collection  of  small  rock  core 
samples  over  many  depths  of  rock  core,  followed  by  crushing  and  methanol  extraction. 

4.1.  Description  of  Rock  Matrix  Characterization 

Sedimentary  bedrock,  specifically  siltstone,  shale,  and  sandstone,  is  often  referred  to  as  fractured 
porous  media  because  its  primary  porosity  can  range  from  zero  to  ten  percent  (Freeze  and 
Cherry,  1979;  Potter  et  ah,  2005).  It  is  the  presence  of  fractures  in  the  rock  that  provides  the  main 
pathways  for  flow  through  the  rock  because  the  rock  pores  are  generally  small  and  not 
interconnected.  The  ratio  of  the  void  space  due  to  the  presence  of  fractures  to  the  bulk  rock 
volume  (fracture  porosity)  is  expected  to  be  at  least  a  few  orders  of  magnitude  lower  than  the 
matrix  porosity.  This  large  difference  between  fracture  and  matrix  porosities  greatly  influences 
the  distribution  of  chlorinated  solvent  mass  in  these  deposits.  Diffusion  halos  form  along  the 
fractures  where  DNAPL  flow  or  solute  transport  has  occurred.  The  halos,  and  therefore  the 
transport  pathways,  can  be  determined  from  analysis  of  subsamples  of  rock  core.  This  approach 
for  pathway  identification  offers  the  potential  for  identifying  smaller  and/or  lower  transmissivity 
fractures  than  the  conventional  approaches  of  well  sampling  as  it  allows  for  the  detailed  analysis 
of  actual  contaminant  migration  pathways  rather  than  just  contaminant  presence  in  relatively 
large  groundwater  monitoring  zones.  The  rate  of  expansion  of  plumes  in  fractured  rock  settings 
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can  be  greatly  retarded  by  the  diffusion-driven  ehemieal  mass  transfer  from  fractures  where 
active  flow  occurs  to  the  matrix  bloeks  where  the  pore  water  is  relatively  immobile  (Freeze  and 
Cherry,  1979).  Site-speeific  proof  of  this  retardation  of  plume  expansion  lies  in  determination  of 
the  ehemieal  mass  distribution  in  the  rock  matrix  and  fracture  network  and  matrix  eharaeteristics. 

Dr.  Beth  Parker  and  colleagues  at  the  University  of  Waterloo  and  University  of  Guelph  (both  of 
Ontario,  Canada)  have  developed  a  teehnique  to  assess  ehlorinated  solvent  mass  that  has  diffused 
into  the  roek  matrix  from  hydraulieally  aetive  fraetures.  This  technique  is  part  of  a  more 
comprehensive  approach  for  investigating  eontaminated  sites  with  fraetured  roek,  referred  to  as 
the  Discrete  Fracture  Network  (DFN)  approach,  described  by  Parker  (2007). 

The  roek  eore  sampling  and  analysis  protoeol  entails  the  collection  of  three  types  of  rock  core 
subsamples: 

•  Rock  core  samples  for  analysis  of  target  ehlorinated  solvent  eompounds,  eollected 
adjaeent  to  fractures  and  from  the  roek  matrix  between  fraetures,  which  are  crushed 
and  preserved  in  the  field  by  placing  in  vials  with  methanol  for  extraetion  and,  later, 
laboratory  analysis 

•  Physical  property  samples,  eonsisting  of  intact  sections  of  core  that  are  analyzed  for 
moisture  eontent,  matrix  porosity,  bulk  density,  specifie  gravity,  hydraulie 
conductivity,  and  organic  carbon  content 

•  Matrix  diffusion  samples,  consisting  of  intact  sections  of  core  designated  for 
laboratory  diffusion  tests,  oxidant  demand  bateh  tests,  or  other  types  of  tests  (e.g., 
mierobial  assessment) 

The  protoeol  for  the  collection  of  chlorinated  solvent  samples  ineludes  collection  of  samples  at 
fractures  (i.e.,  one  of  the  fraeture  faces)  and  bedding  planes,  at  lithologie  changes,  and  from 
matrix  bloeks  between  fraetures.  Sample  lengths  typically  range  from  0.1  to  0.4  feet  of  eore. 
Chlorinated  solvent  samples  are  immediately  wrapped  in  aluminum  foil  to  minimize  volatile 
losses  and  taken  to  an  on-site  field  lab  for  erushing  and  proeessing.  Prior  to  erushing,  the  outer 
rind  of  the  core  samples  is  ehipped  off  to  eliminate  potential  error  from  contact  with  the  drilling 
fluids.  Samples  are  then  immediately  crushed  with  a  hydraulic  rock  crusher  and  plaeed  into 
sample  vials  eontaining  a  known  amount  of  high-purity  methanol  to  extract  and  preserve  the 
chlorinated  solvent  mass.  Between  samples,  the  eells  are  deeontaminated  using  a  four-part  wash- 
and-rinse  sequenee.  Field  quality  assuranee  and  quality  eontrol  procedures  and  deeontamination 
proeedures  are  designed  to  prevent  cross-contamination. 

Laboratory  chlorinated  solvent  analyses  on  the  preserved  crushed  roek  samples  are  eondueted 
after  allowing  sufficient  time  for  the  VOCs  to  completely  extract  into  the  methanol.  More 
reeently,  a  microwave-assisted  extraction  technique  has  been  developed  to  speed  up  the 
extraetion.  Following  the  extraction  process,  an  aliquot  of  methanol  is  injeeted  directly  into  a  gas 
chromatograph  for  separation  and  quantification  using  a  micro-electron  capture  deteetor.  The  list 
of  target  analytes  quantified  includes  TCE,  PCE,  and  the  diehloroethene  (DCE)  isomers,  but  may 
be  varied  depending  on  the  expeeted  contaminants  at  the  site.  The  direct,  on-column  injection  of 
methanol  onto  the  gas  ehromatograph  was  tailored  by  the  University  of  Waterloo  for  analysis  of 
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PCE,  TCE,  and  relevant  breakdown  products  so  that  the  resulting  detection  limits  are  very  low 
(0.1  |xg/L  in  methanol  for  TCE  and  PCE,  and  <5  pg/L  in  methanol  for  the  DCE  isomers). 

The  laboratory  analysis  provides  the  total  mass  of  each  chlorinated  solvent  per  unit  mass  of  wet 
crushed  rock  sample  (ct)  (e.g.,  pg  VOC  per  g  wet  rock)  and  includes  chlorinated  solvent  mass 
present  in  the  aqueous,  sorbed,  and  DNAPL  (if  present)  phases.  These  concentrations  are 
converted  to  equivalent  pore  water  concentrations  using  partitioning  calculations  (see  Feenstra  et 
al.,  1991)  with  measured  or  estimated  rock  matrix  parameters  (bulk  density,  porosity,  and 
sorption).  In  this  case,  equivalent  pore  water  concentrations  (Cw)  were  estimated  using: 


bwet 

(Equation  4-1) 

where  pbwet  is  the  rock  wet  bulk  density  (g/cm  ),  (|)  is  the  porosity  and  R  is  the  retardation  factor, 
accounting  for  VOC  mass  sorbed  to  organic  carbon  present  in  the  rock.  Retardation  factors  (R) 
were  estimated  using  the  relation: 


R  =  l+ 


(Equation  4-2) 


where  Kd  is  the  distribution  coefficient  (mL/g)  and  pb  is  the  dry  rock  bulk  density  (g/cm  ).  It  is 
assumed  that  sorption  is  rapid,  linear,  and  reversible. 


4.2.  Status  of  Rock  Matrix  Characterization 

Since  its  introduction  in  the  late  1990s/early  2000s,  rock  matrix  characterization  has  steadily 
gained  acceptance  from  both  state  and  federal  regulatory  agencies,  as  well  as  public  and  private 
responsible  parties,  as  an  integral  component  of  the  characterization  of  sites  where  Type  IV  and 
Type  V  geologic  settings  exist,  such  as  bedrock  aquifers  that  have  been  contaminated  with 
chlorinated  solvents. 

4.2.1.  Applications  to  Date 

To  date,  rock  matrix  characterization  has  been  used  at  more  than  15  sites  in  the  U.S.  and  Canada, 
including  both  state-regulated  inactive  hazardous  waste  sites  and  sites  regulated  by  the  USEPA 
under  the  Comprehensive  Environmental  Response,  Compensation,  and  Liability  Act 
(“Superfund”).  Most  applications  have  focused  on  chlorinated  solvents;  however,  at  least  one 
application  has  also  included  the  evaluation  of  polychlorinated  biphenyls  (PCBs).  Rock  matrix 
characterization  results  have  been  used  for  the  following  applications: 

•  Optimization  of  placement  of  multi-level  groundwater  monitoring  systems 

•  Chlorinated  solvent  mass  “tracking”  to  identify  potential  advective  plume  migration 
pathways 

•  Contaminant  mass  discharge  assessments 
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•  Remedial  action  planning 

•  Evaluation  of  remedy  effectiveness 

•  Documentation  of  TI  evaluations  and  support  for  determination  of  TI  zones 

4.2.2.  Commercial  Status 

The  rock  matrix  characterization  technique  has  recently  been  trademarked  under  the  trade  name 
of  COREDFN™  (Characterization  of  Rock  Environments  -  Discrete  Fracture  Network 
Approach)  and  is  commercially  licensed  to  Stone  Environmental,  Inc.  of  Montpelier,  Vermont. 

4.2.3.  Cost 

The  cost  of  rock  matrix  characterization  is  dependent  on  several  factors,  including  the  number  of 
sampling  locations,  depth  of  coring,  vertical  sample  spacing,  number  of  sample  analytes,  and 
whether  an  on-site  laboratory  is  used.  Trained  field  staff  should  be  present  during  the  drilling 
program  to  collect  and  effectively  process  the  samples.  Based  on  project  costs  for  investigations 
conducted  in  the  last  five  years,  the  typical  cost  is  in  the  range  of  $150  to  $170  per  linear  foot  of 
core  analyzed  (assuming  that  one  sample  is  collected  on  average  per  foot  of  core).  If  an  on-site 
laboratory  is  used,  the  cost  is  in  the  range  of  $  1 80  to  $200  per  linear  foot  of  core  analyzed.  These 
costs  do  not  include  drilling  costs,  which  vary  greatly  by  location,  type  of  rock,  size  of  core,  and 
total  drilling  depth. 

4.3.  Applicable  Site  Settings  and  Remedial  Technologies 

The  rock  matrix  characterization  technology  can  be  used  at  any  site  where  bedrock  groundwater 
has  become  contaminated  with  organic  compounds,  particularly  chlorinated  solvents.  However, 
it  has  been  shown  to  be  most  valuable  in  geologic  settings  consisting  of  fine-grained  sedimentary 
rock  such  as  shales  and  siltstones.  The  technology  is  integral  in  remedial  action  decision-making 
for  fractured  rock  sites  and  can  also  be  used  to  evaluate  the  efficacy  of  in-situ  remedial 
technologies  such  as  chemical  oxidation,  bioremediation,  and  thermal  treatment. 

4.4.  Advantages  and  Disadvantages  Compared  with  Other  Available  Approaches 

Rock  matrix  characterization  has  an  advantage  over  conventional  fractured  rock  field 
investigation  methods  for  the  following  reasons: 

•  The  technology  is  capable  of  detecting  contaminant  migration  pathways  on  a  much 
smaller  scale  than  conventional  geophysical  or  multi-level  groundwater  sampling 
techniques 

•  Matrix  contaminant  analyses  provide  a  direct,  and  much  more  accurate,  measure  of 
contaminant  mass  distribution  because  the  rock  matrix  frequently  constitutes  nearly 
the  entire  contaminant  mass  storage  capacity 

•  The  extent  of  diffusive  contaminant  halos  in  the  matrix  adjacent  to  fractures  can  be 
used  as  an  indicator  of  the  time  since  contaminant  arrival  on  a  fracture-by- fracture 
basis 
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•  Borehole  cross-contamination  is  avoided  because  the  low-permeability  matrix  is  not 
easily  cross-contaminated  during  drilling  and  core  retrieval  prior  to  sample  collection 

Although  many  conventional  techniques  for  borehole  logging  and  hydraulic  testing  exist  (e.g., 
Sara,  2003),  general  agreement  in  the  literature  indicates  these  techniques  are  severely  limited  in 
their  prospects  for  providing  quantitative  information  about  the  length  and  interconnectivity  of 
the  fractures  in  fracture  networks  (NRC,  1996;  Berkowitz,  2002).  Chlorinated  solvents  have  been 
in  the  subsurface  beneath  many  industrial  properties  for  several  decades,  allowing  plumes  to 
migrate  downgradient  several  hundreds  to  thousands  of  feet  or  more.  These  contaminants  can 
now  serve  as  tracers  to  study  contaminant  migration  over  the  large  space  and  time  scales  most 
relevant  in  contaminant  hydrogeology.  The  physical  and  chemical  properties  of  the  common 
chlorinated  solvents  make  them  good  indicators  of  the  physical  hydrogeologic  system 
characteristics,  including  the  fracture  network  connectivity  and  distribution  of  groundwater  flow. 

Essentially  all  conventional  fractured-  rock  borehole  test  methods  relevant  to  the  hydraulic 
conditions  and  properties,  except  for  depth-discrete  multi-level  monitoring  (Sara,  2003),  are  done 
in  open  holes  into  which  data  acquisition  equipment  is  inserted  down-hole.  Flow  metering,  fluid 
resistivity,  and  conventional  down-hole  temperature  logging  and  full-hole  borehole  dilution  tests 
pertain  to  imposed  (forced  advection)  hydraulic  conditions,  by  applied  fluid  pressure  as  in  the 
case  of  packer  tests,  or  vertical  flow  in  the  open  hole  caused  by  the  hole  itself  (borehole  cross- 
connection  between  fractures).  Price  and  Williams  (1993),  Sterling  et  al.  (2005),  and  others  have 
demonstrated  that  open  holes  in  fractured  rock  commonly  have  borehole  cross-connections  that 
disturb  the  hydrochemical  conditions. 

The  main  disadvantage  of  the  rock  matrix  characterization  technology  is  the  added  cost  required 
to  implement  the  technology  due  to  the  detailed  sampling  that  is  required.  However,  this  cost  has 
been  justified  at  sites  where  the  results  of  the  characterization  have  been  used  to  demonstrate  the 
futility  of  costly  long-term  remediation  strategies  that  may  have  otherwise  been  implemented. 

4.5.  Summary 

The  distribution  of  contaminants  within  chlorinated  solvent  plumes  in  fractured  sedimentary  rock 
has  strong  spatial  variability  due  to  heterogeneity  in  source  zone  contaminant  mass  distributions, 
fracture  network,  and  matrix  characteristics,  accompanied  by  temporal  variability  in  groundwater 
flow.  One  major  reason  why  so  little  is  known  about  contaminant  migration  and  fate  in  fractured 
sedimentary  rock  is  that  traditional  research  approaches  involve  only  sampling  water  from  the 
fractures.  However,  field  studies  using  the  rock  core  VOC  analysis  method  show  contaminant 
mass  storage  is  dominated  by  the  rock  matrix  rather  than  the  fractures,  and  the  contaminant 
concentrations  in  the  fractures  and  the  matrix  are  not  in  equilibrium  (Hurley  and  Parker,  2002; 
Sterling  et  al.,  2005).  Therefore,  sampling  only  the  groundwater  from  the  fractures  cannot 
provide  the  overall  mass  distribution.  Furthermore,  when  conventional  boreholes  are  drilled,  the 
water  from  a  fracture  in  one  section  of  the  borehole  migrates  to  another  section  of  the  borehole 
due  to  differences  in  head  between  the  two  sections.  This  creates  an  un-natural  flow  and 
contaminant  transport  condition  within  the  system  known  as  borehole  cross-connection.  This 
condition  will  also  persist  across  the  screened  interval  of  a  conventional  monitoring  well,  and  as 
a  consequence,  results  from  sampling  the  well  do  not  reflect  the  natural  system  (Price  and 
Williams,  1993;  Sterling  et  al.,  2005). 
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Based  on  this  information,  for  fractured-rock  subsurface  environments,  rock  matrix 
characterization  provides  contaminant  mass  and  phase  distributions  more  relevant  to  contaminant 
behavior  than  those  obtained  from  monitoring  wells  or  other  types  of  borehole  water  sampling 
alone. 
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5.0  MASS  FLUX  MEASUREMENT  TOOLS 


Mass  flux  measurement  is  the  third  innovative  diagnostic  tool  addressed  in  this  ESTCP  study. 
The  sections  below  describe  mass  flux  measurement  techniques  and  their  respective  capabilities 
and  constraints,  and  provide  an  evaluation  of  the  use  of  mass  flux  as  a  diagnostic  tool. 

5.1.  Description  of  Mass  Flux  Measurement  Techniques 

The  terms  “mass  flux”  and  “mass  discharge”  are  often  used  interchangeably,  but  refer  to 
different  measurements,  as  indicated  by  their  units.  Contaminant  mass  discharge,  Md,  with  units 
of  mass  per  time,  is  defined  as  the  total  mass  of  contaminant  conveyed  by  a  plume  per  unit  time 
across  a  vertical  control  plane  or  “transect”  perpendicular  to  the  groundwater  flow  direction 
(Equation  5-1).  This  measurement  is  useful  for  defining  the  amount  of  contaminant  mass  within 
a  plume  flowing  past  a  measurement  plane  in  the  aquifer  (e.g.,  grams  per  day)  and  can  be  used  as 
a  metric  for  assessing  the  mass  transport  throughout  an  entire  plume.  Contaminant  mass  flux,  J, 
with  units  of  mass  per  time  per  unit  cross-sectional  area,  describes  the  local  rate  of  contaminant 
migration  within  the  aquifer,  and  is  more  useful  for  assessing  variation  in  contaminant 
concentrations  and  flow  within  a  dissolved  plume  (Equation  5-2).  Mass  flux,  J,  can  exhibit 
significant  variation  within  a  dissolved  plume  given  the  strong  variations  in  contaminant 
concentrations,  hydrogeologic  parameters,  and  groundwater  flow  typical  of  most  dissolved 
plumes  (Guilbeault  et  ah,  2005).  Some  refer  to  “mass  discharge”  as  “total  mass  flux”  (i.e.,  local 
fluxes  integrated  across  the  entire  plume  cross-section).  Others  refer  to  mass  discharge  as  “mass 
flow.”  In  Europe,  some  refer  to  mass  discharge  as  “mass  emission.” 


Where 
Md  = 
A  = 
J  = 


Ma  =  X,  JdA 


(Equation  5-1) 


Contaminant  mass  discharge  (M/T) 

Area  of  the  transect  (L^) 

Spatially  variable  contaminant  mass  flux,  as  defined  in  Equation  5-2 


J  =  q^C  =  —KiC 

Where 

J  =  Contaminant  mass  flux  (M/L  T) 
qo  =  Darcy  groundwater  flux  (L^/L^T) 

K  =  Saturated  hydraulic  conductivity  (L/T) 
i  =  Hydraulic  gradient  (dimensionless) 

C  =  Contaminant  concentration  (M/L^) 


(Equation  5-2) 


Use  of  mass  flux  and  mass  discharge  estimates  in  the  field  of  contaminant  hydrogeology  is  not 
new.  Numerical  simulations  of  groundwater  contamination  incorporate  water  and  solute  mass 
fluxes  into  and  out  of  model  cells  (Anderson  and  Woessner,  1994).  In  the  context  of  numerical 
simulations,  mass  flux  and  mass  discharge  are  typically  referred  to  as  the  local  and  integrated 
“mass  loading”  from  source  zones  or  recharge  into  the  model  domain.  In  numerical  simulations, 
rates  of  contaminant  mass  loading  are  often  assumed  or  estimated  based  on  water  balances  and 
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solute  concentration  measured  in  samples  collected  from  monitoring  wells  located  near  the 
contaminant  source  zones. 

However,  in  the  last  decade  there  has  been  increased  recognition  that  mass  discharge  is  a  key 
indicator  of  the  severity  or  “strength”  of  a  contaminant  release,  particularly  as  it  relates  to 
potential  risks  to  downgradient  receptors  (Feenstra  et  al.,  1996;  Einarson  and  Mackay,  2001;  Rao 
et  al.,  2001).  Consequently,  there  has  been  considerable  interest  in  developing  and  validating 
field  methods  for  measuring  this  important  variable  at  contaminated  sites.  So,  while  the  concept 
is  not  a  new  one,  the  desire  to  directly  measure  mass  flux/mass  discharge  at  field  sites  is 
relatively  new.  Contaminant  mass  discharge  is  typically  measured  downgradient  of  the  source 
zone  but  can  also  be  used  to  assess  contaminants  migrating  towards  the  source  zone  from 
upgradient,  or  to  monitor  processes  occurring  within  large  source  zones. 

Mass  discharge  may  be  used  in  evaluations  of  potential  or  existing  impacts  to  downgradient 
water  supply  wells  and  surface  water  bodies.  Given  the  importance  of  this  variable  in  evaluations 
of  potential  risks  to  downgradient  receptors,  many  scientific  and  regulatory  groups  have 
recommended  that  designers  of  in-situ  remediation  programs  focus  their  efforts  on  reducing 
contaminant  mass  discharge  rather  than  attempting  to  reduce  contaminant  concentrations  to 
numerical  standards.  In  heterogeneous  geologic  media,  focusing  remediation  efforts  on  the  high- 
flux  zones  can  often  result  in  significant  reductions  in  contaminant  mass  discharge  and  more 
efficient  (in  terms  of  mass  removed  per  dollars  spent  or  gallons  treated)  remediation. 

In  practice,  a  significant  advantage  of  measuring  mass  discharge  is  that  contamination  trends  and 
their  implications  may  be  more  easily  identified.  For  example,  concentrations  may  decline  at 
different  times  and  rates  in  spatially  distributed  monitoring  wells  in  response  to  upgradient 
treatment,  making  it  difficult  to  quantify  the  overall  effectiveness  of  treatment.  Mass  discharge 
provides  a  meaningful  way  to  express  average  concentration  reductions  across  the  plume  and 
support  conclusions  regarding  treatment  efficiency.  Mass  discharge  measurements  can  provide  a 
different  perspective  on  the  magnitude  and  average  impact  of  site  contamination.  For  example, 
high  concentrations  in  one  well  may  be  recognized  to  be  of  relatively  minor  significance  if 
contaminant  mass  discharge  from  the  site  is  low  overall,  i.e.,  only  a  small  total  mass  of 
contaminant  per  unit  time  actually  migrates  with  the  groundwater.  Mass  discharge  is  therefore  an 
integrated  measurement  of  dissolved  contaminants  flowing  in  the  subsurface  and  is  becoming  an 
important  element  in  evaluations  of  engineered  remediation  programs  and  MNA  evaluations. 

While  contaminant  mass  discharge  values  are  very  useful  metrics  of  the  overall  strength  of 
contaminant  plumes,  definition  of  local  mass  fluxes  can  also  be  important.  For  example,  if  active 
remediation  of  the  dissolved  plume  is  necessary  (e.g.,  with  a  permeable  reactive  barrier  (PRB)), 
one  must  know  where  the  high-flux  zones  are  in  order  to  ensure  treatment  in  those  zones. 
Similarly,  if  source  zone  treatment  is  needed,  “back-tracking”  from  the  high-strength  plume 
cores  identified  in  a  sampling  transect  is  a  useful  way  to  identify  the  approximate  position  of 
residual  NAPE  or  highly-contaminated  soil  in  the  upgradient  source  zones  (e.g.,  Kram  et  al., 
2001). 

While  all  the  methods  described  in  this  section  are  intended  to  measure  mass  discharge,  some 
methods  are  better  than  others  for  defining  the  local  mass  fluxes.  Dense  point  measurements  of 
mass  flux  using  discrete  samples  or  PFMs  are  better  than  pumping  methods  that  average 
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concentrations.  So,  if  designing  targeted  in-situ  remediation  is  a  goal,  point  measurements  may 
be  better  because  they  define  local  mass  fluxes  as  well  as  integrated  mass  discharge. 

In  summary,  mass  flux  and  mass  discharge  measurements  offer  a  variety  of  benefits  for  risk 
evaluations  and  plume  remediation  programs,  as  described  further  in  Section  4.3,  including  the 
following: 


•  Better  assessments  of  potential  impacts  to  downgradient  receptors  resulting  from 
subsurface  releases  of  dissolved  solutes.  The  risk  to  downgradient  supply  wells  and 
surface  water  bodies  is  directly  related  to  the  rate  of  contaminant  migration  in 
dissolved  plumes,  not  necessarily  contaminant  concentrations.  Thus,  cleanups  can  be 
prioritized  based  on  mass  discharge  values;  sites  with  the  highest  mass  discharge 
values  (i.e.,  sites  that  pose  the  greatest  risk  to  downgradient  receptors)  can  be  cleaned 
up  first 

•  Easier  gauging  of  the  impact  of  remedial  efforts  on  risk  reduction  to  downgradient 
receptors 

•  A  more  holistic,  integrated  evaluation  of  site  groundwater  contamination.  Mass 
flux/mass  discharge  measurements  may  improve  identification  of  contaminant  trends 
and  their  implications.  This  typically  results  in  a  better  diagnosis  of  the  problem  and 
more  accurate  and  definitive  performance  monitoring  of  in-situ  remediation  programs 

•  A  possible  re-focus  of  remedial  efforts  at  complex,  heterogeneous  sites  where  it  may 
be  technically  impracticable  to  meet  target  concentrations 

•  Possibly  more  focused  remediation,  shorter  duration  of  treatment,  and/or  more 
focused  monitoring  programs,  resulting  in  cost  savings  and  accelerated  site  closure 

There  are  a  variety  of  published  measurement  techniques  for  mass  flux  and  mass  discharge,  as 
listed  in  Table  5-1. 
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Table  5-1.  Mass  Flux/Mass  Discharge  Measurement  Methods 


Measurement 

Technique 

Typical 

Pumping 

Required 

Key 

References 

Synoptic  sampling 

Minutes 

Einarson  and  Mackay,  2001;  Farhat  et  ah,  2005; 

Kubert  and  Finkel,  2006 

PFM 

None 

Annable  et  ah,  2005;  Campbell  et  ah,  2006;  de  Jonge 
and  Rothenberg,  2006;  Hatfield  et  ah,  2004;  Hatfield 
et  ah,  2001 

SSP 

Days  to 
weeks 

Einarson  and  Mackay,  2001;  Buscheck,  2002 

RFM 

Days  to 
weeks 

Goltz  et  ah,  2009;  Huang  et  ah,  2004 

Integral  pumping  tests 

Days  to 

Bauer  et  ah,  2004;  Bayer-Raich  et  ah,  2004; 

(IPTs) 

weeks 

Bockelmann  et  ah,  2003;  Bockelmann  et  ah,  2001 

Modified  integral 
pumping  tests  (MIPTs) 

Days  to 
weeks 

Brooks  et  ah,  2008 

5.1.1.  Strategy  for  Improving  Mass  Discharge/Mass  Flux  Estimates  and  Reducing  Costs 

Several  studies  performed  in  the  last  deeade  show  that  plumes  of  VOCs  emanating  from  NAPL 
source  zones  have  high-strength  plume  cores  that  convey  most  of  the  dissolved  contaminant 
mass.  Guilbeault  et  al.  (2005),  in  a  detailed  study  of  four  VOC-contaminated  sites,  concluded 
that  80  to  90%  of  the  dissolved  contaminant  mass  is  flowing  in  10  to  20%  of  the  cross-sectional 
area  of  the  dissolved  plumes.  Consequently,  it  is  vital  that  any  measurements  of  contaminant 
mass  flux  and  mass  discharge  incorporate  the  high-strength  plume  cores.  This  can  be 
accomplished  in  one  of  two  ways.  First,  dense  grids  of  sampling  points,  PFMs,  or  pumping  wells 
can  be  installed  without  a  priori  knowledge  of  the  locations  of  the  plume  cores.  Dense  grids  are 
necessary  in  order  to  minimize  the  chance  of  missing  one  or  more  of  the  VOC  plume  cores, 
which  would  result  in  significant  errors  in  the  mass  discharge  and  mass  flux  measurements. 
There  have  been  studies  of  sampling  point  densities  needed  to  minimize  these  types  of  errors, 
some  of  which  state  that  as  much  as  7%  of  the  cross-sectional  area  of  the  plume  transect  may 
need  to  be  sampled  in  order  to  reduce  the  uncertainty  to  an  acceptable  level  (Li  et  ah,  2007).' 
Indeed,  criticisms  of  mass  flux  field  measurement  methods  often  focus  on  the  high  density  of 
sampling  points  necessary  to  reduce  sampling  errors  (Kubert  and  Finkel,  2006). 

Another  approach,  which  is  strongly  recommended  by  the  authors,  is  to  pre-characterize  the 
stratigraphy  and  solute  distribution  along  the  transects,  if  possible,  using  rapid,  low-cost  methods 
such  as  DP  lithology  sensors  (e.g.,  cone  penetrometer  testing  (CPT),  electrical  conductivity  (EC) 
probes,  or  hydraulic  profiling  tools)  and  in-situ  chemical  sensors  (e.g.,  membrane  interface 

'  The  density  of  sampling  points  can  be  reduced  by  following  a  staged  sampling  program  as  described  in  a  recent 
publication  by  the  same  authors  (Li  and  Abriola  2009). 
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probes).  That  way,  zones  of  high  permeability  and  high  solute  eoncentrations  can  be  identified 
prior  to  instrumenting  the  site  to  make  the  mass  discharge/mass  flux  measurements.  Pre¬ 
characterizing  stratigraphy  and  solute  distribution  allows  site  investigators  to  focus  their  mass 
flux  measurements  on  the  high-flux  plume  cores.  This  greatly  increases  the  accuracy  and  reduces 
the  costs  of  the  mass  flux/mass  discharge  measurements.  Information  on  DP  lithology  and 
chemical  sensors  has  been  summarized  by  McCall  et  al.  (2006). 

Precision  and  accuracy  of  different  mass  discharge  techniques  is  described  further  in  Section  5.3. 
Accuracy  of  mass  discharge  measurements  is  clearly  important  for  risk  evaluations,  for  example, 
if  one  is  interested  in  estimating  the  highest  concentration  of  a  contaminant  that  could  occur  in 
water  pumped  from  a  downgradient  supply  well.  Precision,  on  the  other  hand,  may  be  more 
important  for  performance  monitoring,  where  the  goal  is  to  collect  “before  and  after” 
measurements  to  document  the  performance  of  an  in-situ  treatment  program. 

A  brief  description  of  six  mass  discharge  measurement  methods,  listed  below,  is  presented  in  this 
section: 

1 .  Synoptic  sampling 

2.  PFMs 

3.  SSP 

4.  RFM 

5.  IPTs 

6.  MIPTs 

Information  on  cost  and  the  relative  advantages/disadvantages  of  the  first  four  methods,  as 
evaluated  in  Malcolm  Pimie  et  al.  (2010),  is  presented  in  Sections  5.2.4  and  5.4,  respectively. 

5.1.2.  Synoptic  Sampling 

Synoptic  sampling,  also  known  as  “snapshot  sampling”  or  the  “transect  method”  is  illustrated  in 
Figure  5-1.  To  implement  this  method,  a  transect  of  monitoring  wells  or  DP  sampling  points, 
either  single-level  or  multi-level,  is  sampled  using  standard  procedures.  Contaminant 
concentrations  are  then  used  in  conjunction  with  other  site  information  (e.g.,  hydraulic  gradient, 
distribution  of  hydraulic  conductivity,  Darcy  flux,  plume  cross-sectional  area,  and  groundwater 
flow  direction)  to  estimate  the  total  mass  per  unit  time  of  contamination  flowing  through  the 
vertical  plane.  If  plume  concentrations  or  groundwater  fluxes  vary  vertically  (which  is  typical), 
multi-level  monitoring  can  be  used  to  more  accurately  define  the  local  mass  fluxes  and  estimate 
the  overall  mass  discharge.  Clusters  of  short- screened  monitoring  wells  or  multi-level  monitoring 
systems  also  reduce  or  eliminate  many  of  the  errors  that  bias  samples  collected  from 
conventional  single-interval  monitoring  wells  (see  Chapter  3  herein  and  Einarson  (2006)  for 
further  discussion).  And,  as  discussed  above,  information  about  the  spatial  distribution  of  solute 

^  Plumes  of  inorganic  solutes  may  also  be  “pre-characterized”  this  way.  For  example,  if  an  inorganic  plume  exhibits 
higher  EC  than  surrounding  groundwater,  tools  like  CPT  or  hydraulic  profiling  may  be  used  to  define  the 
stratigraphy,  with  EC  measurements  used  to  identify  anomalously  conductive  pore  fluids  corresponding  to  the 
location  of  the  inorganic  contaminant  plume. 
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mass  fluxes  in  the  aquifer  may  be  needed  for  designing  effective  in-situ  remediation  programs 
that  target  the  high  mass  flux  zones. 

Figure  5-1.  Synoptic  Sampling  of  Wells  along  a  Transect 


Plan  view 
(How  up  1h0  page) 


Vertical  section 
(How  rnto  pige) 


Each  sampling  event  yields  a  separate  estimate  of  mass  flux/mass  discharge.  The  frequency  of 
mass  flux/mass  discharge  monitoring  varies  with  the  objectives;  monitoring  may  occur  only  once 
or  twice  or  it  may  be  conducted  routinely  (e.g.,  quarterly  or  annually).  The  spacing  between 
monitoring  wells  along  the  transect  is  site-specific;  studies  at  Vandenberg  AFB  by  UC  Davis 
demonstrated  that  mass  flux  measurements  are  more  accurate  (error  less  than  ±25%)  when  well 
spacing  was  less  than  the  width  of  high-concentration  subplumes  within  the  target  plume 
(Malcolm  Pimie  et  al.,  2010).  The  authors  noted  that  estimates  of  hydraulic  conductivity  and 
other  terms  needed  to  calculate  mass  discharge  are  typically  less  well-defined;  measurements  of 
hydraulic  conductivity  often  vary  by  a  factor  of  ten  or  more  and  would  therefore  lead  to 
significant  uncertainty  in  the  mass  discharge  estimates.  For  monitoring  the  performance  of  in- 
situ  treatment  systems,  however,  precision  may  be  more  important  than  accuracy;  the  difference 
between  two  measurements  (e.g.,  before  and  after  remediation),  may  be  the  most  critical  data 
needed  to  judge  the  effectiveness  of  the  treatment. 

5.1.3.  Passive  Flux  Meters 

The  second  method  involves  passive  sampling  of  a  transect  of  borings  or  monitoring  wells  using 
PFMs.  A  PFM  is  a  self-contained  permeable  unit  that  is  inserted  into  a  well  or  boring  so  that  it 
allows  groundwater  flow  through  the  device  (Figure  5-2).  The  interior  composition  of  the  PFM  is 
a  matrix  of  a  permeable  sorbent  that  retains  dissolved  contaminants  present  in  the  groundwater 
intercepted  by  the  unit.  The  PFM  can  be  used  for  a  broad  range  of  contaminants  (e.g., 
hydrophobic  organic  compounds,  organic  or  inorganic  ions)  by  selecting  appropriate  sorbent 
matrixes.  The  sorbent  matrix  is  preloaded  with  specified  amounts  of  one  or  more  resident  tracers 
that  have  a  known  range  of  affinity  for  the  sorbent.  These  tracers  are  displaced  from  the  sorbent 
at  rates  proportional  to  groundwater  flux  and  the  tracer  retardation  on  the  sorbent.  After  a 
specified  period  of  exposure  to  groundwater  flow  (typically  one  to  two  weeks),  the  PFM  is 
removed  from  the  well  or  boring.  The  sorbent  is  then  carefully  extracted  to  quantify  the  mass  of 
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all  contaminants  intercepted  by  the  PFM  and  the  residual  masses  of  all  resident  tracers.  The 
contaminant  masses  are  used  to  calculate  time-averaged  contaminant  fluxes,  while  residual 
resident  tracer  masses  are  used  to  calculate  cumulative  groundwater  flux. 

Depth  variations  of  both  water  and  contaminant  mass  fluxes  can  be  measured  in  an  aquifer  from 
a  single  PFM  by  vertically  segmenting  the  exposed  sorbent  packing  and  analyzing  for  resident 
tracers  and  contaminants.  Thus,  at  any  specific  well  depth,  an  extraction  from  the  locally 
exposed  sorbent  yields  the  mass  of  resident  tracer  remaining  and  the  mass  of  contaminant 
intercepted.  Using  this  mass  estimate  (along  with  the  average  rate  of  contaminant  migration 
through  each  well,  termed  “local  flux,”  and  the  estimated  hydraulic  performance  of  the  well 
screen  and  sand  pack),  the  mass  per  unit  time  migrating  past  the  transect  is  estimated.  The 
development  and  testing  of  PFMs  is  described  in  detail  by  Annable  et  al.  2005  and  Hatfield  et  al. 
2001,  2004.  PFMs  are  commercially  available  from  EnviroFlux,  LLC.  Their  contact  information 
is  provided  in  Appendix  B. 

EnviroFlux,  LLC  provides  guidance  on  the  design  of  flux  assessments  and  monitoring  programs, 
furnishes  the  PFMs,  analyzes  the  PFMs  at  their  laboratory,  and  calculates  mass  flux  values  based 
on  the  results  of  their  chemical  analyses  and  site-specific  information  about  the  sites  and 
deployments  provided  to  them  by  their  customers. 

Figure  5-2.  Passive  Flux  Meter  Method 

Plan  view  Vertical  section 


Note  that  this  method  integrates  mass  discharge  temporally  but  not  spatially;  that  is,  the  data  are 
still  point  measurements.  Mass  discharge  values  are  calculated  using  mathematical  integrations 
(e.g.,  Theissen  polygon  method)  similar  to  those  performed  using  the  transect  method  described 
above.  The  PFM  method  has  the  advantage  of  collecting  data  to  represent  average  flow 
characteristics  without  the  need  for  pumping  or  calculating  Darcy  flux  using  assumed  or 
measured  values  of  hydraulic  conductivity,  which  can  vary  considerably  over  depth  or  hydraulic 
gradient.  By  incorporating  a  tracer  into  the  PFM  as  well  as  contaminant  sorption,  the  amount  of 
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flow  through  each  section  of  the  transect  can  be  estimated  as  well  as  the  average  concentration  of 
contaminant  passing  through  that  area.  Separate  testing  to  estimate  hydraulic  conductivity 
throughout  the  transect  is  therefore  not  needed.  Each  deployment  of  flux  meters  thus  results  in 
one  estimate  of  the  average  contaminant  mass  discharge  during  the  period  of  time  that  the  PFMs 
are  deployed  in  the  wells. 

Limitations  of  the  technology  include  a  limited  (but  growing)  list  of  analytes  that  can  be 
measured  with  the  devices.  Interested  readers  should  contact  EnviroFlux  for  the  latest  list  of 
analytes  that  can  be  measured  with  PFMs.  In  addition,  results  of  the  PFMs  are  provided  by  the 
vendor  with  some  concerns  over  the  transparency  of  the  calculations.  Also,  calculation  of  mass 
and  groundwater  flux  relies  on  information  of  the  well  geometry  and  construction  in  order  to 
estimate  the  portion  of  the  aquifer  that  flows  through  the  PFM.  Errors  or  uncertainty  in  the  well 
construction  are  carried  over  to  the  mass  flux  estimates.  As  discussed  above,  PFMs  can  be 
installed  in  conventional  single-interval  monitoring  wells,  then  segmented  and  analyzed  in  order 
to  obtain  information  about  vertical  variations  in  mass  and  groundwater  flux.  Viton  washers  have 
been  designed  and  deployed  at  many  sites  to  minimize  vertical  flow  down  the  wellbore  that 
could  bias  the  results.^  However,  while  the  washers  may  prevent  ambient  vertical  flow  within  the 
well  casing,  the  washers  do  not  prevent  vertical  flow  in  the  sand  pack  surrounding  the  well 
screens. 

Field  tests  of  PFMs  at  a  highly-controlled  field  site  in  Canada  noted  some  concerns  with  ambient 
vertical  flow  through  sand  packs  surrounding  monitoring  well  casing,  potentially  changing  the 
average  groundwater  flow  velocity  and  calculated  mass  flux  (Annable  et  al.,  2005).  It  is 
recommended  that  monitoring  wells  be  constructed  without  the  use  of  a  sand  pack  allowing 
formation  collapse  for  depth-discrete  flux  measurement  using  PFMs.  If  a  sand  pack  is  required, 
thin  layers  of  low-permeability  material  (e.g.,  fine  sand  or  bentonite)  placed  in  the  annular  space 
every  few  feet  can  prevent  significant  ambient  vertical  flow  within  the  sand  packs. 

Finally,  the  design  of  PFMs  results  in  a  small  amount  of  chemical  tracer  being  released  into  the 
aquifer.  These  tracers  are  commonly  alcohols  that  readily  degrade  in  the  subsurface.  Local 
environmental  regulations  may  prevent  or  control  releases  of  chemical  tracers,  even  in  very  small 
quantities,  to  the  subsurface.  Relevant  regulatory  agencies  should  therefore  be  consulted  prior  to 
using  PFMs  to  measure  mass  flux. 

5. 1. 4.  Steady-State  Pumping 

The  third  mass  flux  measurement  method,  steady-state  pumping  (SSP),  makes  use  of  one  or 
more  extraction  wells  located  along  a  transect  to  capture  the  plume.  The  extraction  wells  are 
pumped  until  steady-state  plume  capture  is  reached,  at  which  time  the  total  extraction  rate  is 
measured,  as  well  as  the  contaminant  concentration  in  a  single  composite  sample  collected  from 
the  extraction  system  (Figure  5-3).  An  important  advantage  of  pumping  methods  for  measuring 
mass  discharge  over  point  measurements  (either  synoptic  point  measurements  or  PFMs)  is  that 
pumping  physically  integrates  the  contaminant  mass,  as  opposed  to  mathematical  integrations 

^  Vertical  flow  in  monitoring  wells  occurs  in  response  to  vertical  hydraulic  gradients  within  the  geologic  strata 
screened  by  the  well.  This  can  create  a  significant  bias  in  samples  collected  from  the  wells.  Studies  by  Elci  et  al 
(2001)  and  others  suggest  that  this  bias  is  common. 
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that  must  be  performed  with  the  point  measurements.  That  results  in  fewer  wells  being  necessary 
to  measure  mass  discharge  than  with  the  point  measurement  methods. 

Contaminant  mass  discharge  is  the  product  of  the  flow  rate  and  concentration  (Equation  5-3). 
This  method  has  the  advantage  of  calculating  contaminant  mass  discharge  directly,  without 
having  to  estimate  or  measure  the  groundwater  discharge  (Darcy  fluxes),  a  source  of 
considerable  error  in  the  synoptic  sampling  method.  Note  that  if  multiple  pumping  wells  are 
installed  along  the  transect,  they  can  be  sampled  independently  in  order  to  gain  knowledge  of  the 
local  mass  fluxes  along  the  transect,  e.g.,  for  designing  focused  in-situ  remediation  systems. 


Where 

Md 

Ccomp 


Q  total 


~  ^comp 


-  total 


(Equation  5-3) 


Contaminant  mass  discharge  in  the  captured  plume  (M/T) 
Concentration  of  the  target  contaminant  in  a  composite 
sample  from  the  extraction  system  (M/L^) 

Total  rate  of  groundwater  extraction  (L^/T) 


Figure  5-3.  Steady-State  Pumping  of  a  Well  or  Wells  along  a  Transect 
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SSP  tests  are  analogous  to  using  data  from  pump-and-treat  remediation  systems  to  calculate  mass 
discharge.  With  a  pump-and-treat  remediation  system  that  fully  captures  the  contaminant  plume. 
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mass  discharge  can  be  ealculated  using  Equation  5-3  (see  Buscheek  et  al.  (2003)  for  further 
discussion  of  using  data  from  pump-and-treat  systems  to  estimate  contaminant  mass  discharge)."^ 

Typically,  each  test  results  in  one  estimate  of  mass  diseharge.  If  SSP  is  condueted  eontinuously 
(i.e.,  as  part  of  a  groundwater  extraction  and  treatment  system  for  remediation  and/or 
eontainment),  multiple  estimates  of  mass  diseharge  ean  be  ealeulated  over  time. 

The  number  and  locations  of  pumping  wells  is  based  on  the  knowledge  of  the  subsurface 
geology,  flow  system,  and  eontaminant  distribution.  Methods  used  to  design  the  SSP  well 
network  are  the  same  as  those  used  to  design  pump-and-treat  well  networks.  However,  the  time 
to  reach  steady-state  plume  eapture  ean  be  reduced  by  using  multiple  wells  to  reduee  well 
spaeing,  similar  to  approaehes  used  in  construetion  dewatering  projeets  (Einarson  and  Maekay, 
2001).  Additional  capital  costs  may  be  significant,  however,  espeeially  where  plumes  are 
relatively  deep. 

Ineomplete  capture  of  the  plume(s)  may  oeeur,  eausing  a  negative  bias  in  the  caleulation,  if  the 
extraction  wells  are  not  pumped  long  enough  to  frilly  capture  the  dissolved  contaminants  within 
the  eapture  zones  of  the  wells.  For  example,  in  the  case  of  a  dissolved  plume  located  at  the  edge 
of  a  well’s  eapture  zone,  pumping  must  continue  long  enough  for  the  dissolved  plume  to  be 
drawn  into  the  well.  For  monitoring  transects  designed  to  have  the  fewest  number  of  extraetion 
wells  possible  (i.e.,  with  the  widest  capture  zones  possible  given  the  hydraulic  properties  of  the 
aquifer,  available  drawdown,  and  other  eonstraints),  hydraulic  capture  of  particles  at  the  margins 
of  the  eapture  zone  may  take  a  considerable  period  of  time  (days,  weeks,  or  months).  Mass 
discharge  values  ealeulated  prior  to  eapture  of  the  contaminants  flowing  at  the  edge  of  the 
eapture  zone  would  therefore  be  erroneously  low. 

“Over-capture”  of  the  plume(s),  on  the  other  hand,  ean  lead  to  overestimates  of  contaminant 
mass  discharge  if  ealculations  are  made  prior  to  the  well(s)  reaehing  steady-state  eonditions.  For 
example,  for  a  scenario  in  whieh  the  steady-state  capture  zone  of  a  well  extends  a  significant 
distance  laterally  beyond  the  edges  of  the  dissolved  plume(s),  initial  pumping  of  the  well  will 
draw  eontaminants  into  the  well  from  all  sides  at  relatively  high  rates.  Mass  discharge  values 
ealculated  using  Equation  5-3  at  this  time  would  be  relatively  high.  Over  time,  elean  water 
bounding  the  dissolved  plume(s)  would  be  drawn  into  the  well,  redueing  the  average 
eoncentrations  of  the  target  analyte  in  the  effluent.  Aeeurate  values  of  eontaminant  mass 
discharge  could  only  be  made  once  the  elean  water  flowing  along  the  lateral  edges  of  the  well’s 
eapture  zone  had  reaehed  the  well.  As  in  the  example  above,  this  eould  take  weeks  or  months  for 
wells  having  large  eapture  zones.  Caleulations  made  prior  to  this  would  be  positively  biased,  that 
is,  overestimating  the  steady-state  contaminant  mass  removal  over  the  long  term. 

Pumping  at  rates  higher  than  the  optimal  rate  is  undesirable  because  groundwater  is  then  drawn 
into  the  pumping  wells  from  downgradient  and  cross-gradient  direetions,  which  increases  the 

''A  well-designed  existing  pump-and-treat  systems  therefore  constitutes  an  ideal  mass  discharge  monitoring  system. 
Flow  rates  and  effluent  concentrations  in  the  pump-and-treat  system  can  be  monitored  before,  during,  and  after 
source  zone  remediation.  If  the  monitoring  data  show  that  the  source  zone  treatment  has  achieved  the  desired 
reduction  in  mass  discharge,  the  pump-and-treat  system  may  be  turned  off.  It  could  be  reactivated  periodically,  if 
desired,  however,  to  confirm  that  the  reductions  in  mass  discharge  are  being  sustained. 
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time  for  the  contaminant  flowlines  to  reach  steady-state  conditions.  Consequently,  the  best 
practical  approach  may  be  to  perform  SSP  tests  in  a  stepped  fashion,  starting  with  a  combined 
extraction  rate  that  is  suspected  to  be  somewhat  less  than  the  natural  flow  of  groundwater 
through  the  transect  (e.g.,  -70%  of  the  estimated  natural  flow  of  groundwater).  This  approach  is 
described  by  Yoon  (2006)  and  Goltz  et  al.  (2007).  The  wells  would  be  pumped  at  that  combined 
extraction  rate  and  composite  samples  of  the  pumped  water  would  be  collected  over  time  and 
analyzed  for  the  target  contaminant.  Once  the  calculated  mass  discharge  value  reaches  a  steady 
value,  the  extraction  rates  of  the  wells  would  then  be  increased.  Again,  composite  samples  of  the 
pumped  water  would  be  collected  and  analyzed,  and  the  calculated  mass  discharge  values  plotted 
over  time.  Additional  increases  in  pumping  rates  could  be  added  until  the  calculated  mass 
discharge  using  Equation  5-3  no  longer  increased  as  greater  volumes  of  water  are  extracted.  At 
that  point,  the  wells  should  be  capturing  the  entire  dissolved  plume(s)  of  the  target  contaminants. 
Additional  discussion  about  the  SSP  method  is  presented  in  Einarson  and  Mackay  (2001)  and 
Buscheck  (2002). 

The  act  of  pumping  may  influence  contaminant  distribution,  thereby  changing  mass 
discharge/mass  flux  measurements.  For  example,  in  a  fractured  rock  environment,  the  SSP 
method  can  draw  water  from  less  transmissive  zones  or  “dead-end”  fractures  that  do  not 
contribute  to  mass  flux/mass  discharge  under  ambient  conditions.  This  water  may  have  high 
concentrations  of  contaminants  present  in  low  transmissive  zones,  resulting  in  an  overestimate  of 
mass  flux/mass  discharge. 

5. 1. 5.  Recirculation  Flux  Measurement 

The  fourth  method  for  measuring  mass  discharge  is  called  recirculation  flux  measurement 
(REM).  As  illustrated  in  Figure  5-4,  the  RFM  technique  uses  pairs  of  extraction  and  injection 
wells  located  along  a  transect  to  induce  recirculation  of  groundwater  between  each  well  pair. 
Recirculation  can  also  occur  below  ground,  with  wells  screened  at  two  different  depths, 
promoting  horizontal  recirculation  in  both  the  shallow  and  deeper  aquifer.  With  this  method,  a 
large  volume  of  groundwater  can  be  evaluated  without  the  need  to  extract  and  treat  large 
volumes  of  contaminated  water. 

In  the  RFM  method,  mass  flux  is  calculated  using  values  of  hydraulic  conductivity,  hydraulic 
gradient,  and  solute  concentration  determined  during  the  testing.  Hydraulic  gradient  is  typically 
measured  under  static  (i.e.,  non-pumping)  conditions.  Volume-averaged  contaminant 
concentrations  are  measured  in  samples  collected  from  the  water  flowing  through  the 
recirculation  wells.  Concentration  measurements  are  made  over  time  and  averaged,  and  are 
assumed  to  represent  the  volume-averaged  concentration  of  the  entire  plume  upgradient  of  the 
recirculation  wells.  Definition  of  the  volume  of  the  aquifer  investigated  is  needed  to  calculate 
water  and  solute  mass  flux,  and  can  be  determined  from  numerical  modeling.  One  of  two 
methods  can  be  used  to  determine  the  hydraulic  conductivity  value.  The  first,  referred  to  as  the 
multi-dipole  technique,  is  appropriate  for  recirculation  wells  employing  injection  and  extraction 
intervals  in  each  well.  This  method  uses  an  analytical  solution  to  define  hydraulic  conductivity 
based  on  observations  of  drawdown  in  or  near  the  wells.  The  other  method  requires  the  release  of 
a  conservative  tracer  into  the  recirculating  flow  system.  Inverse  numerical  modeling  is  then 
performed  to  calculate  hydraulic  conductivity,  head,  and  flow  field.  The  theoretical 
underpinnings  of  the  RFM  method  of  calculating  mass  flux  are  described  by  Goltz  et  al.  (2007) 
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and  Wheeldon  (2008).  A  meso-scale  validation  of  this  method,  along  with  the  MIPT  method 
(discussed  further  below)  is  presented  by  Goltz  et  al.  (2009).  The  technique  is  adapted  from  a 
method  referred  to  as  the  horizontal  flow  treatment  well  approach,  which  has  been  evaluated  and 
field-tested  for  stimulating  in-situ  bioremediation  (Christ  et  al.,  1999;  McCarty  et  al.,  1998). 

Figure  5-4.  Recirculation  Flux  Measurement  Method 
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The  RFM  method  is  reportedly  easy  to  design  when  the  plume  can  be  completely  captured  using 
only  one  well  pair.  When  two  or  more  well  pairs  are  needed,  the  technique  becomes  more 
complex.  The  dual-screened  well  approach  works  in  aquifers  with  distinct  layers  (e.g.,  a  low- 
permeability  layer  between  two  aquifers,  as  illustrated).  This  approach  may  not  necessarily  be 
termed  “reinjection,”  since  no  water  is  pumped  above  ground  and  therefore  may  have  certain 
regulatory  advantages  over  the  single-screened  RFM  configuration.  However,  more  equipment  is 
required  to  fit  inside  each  well,  including  packers,  well  pumps,  a  tracer  injection  system,  and  a 
water  sampling  system.  In  addition,  a  recirculation  zone  will  result  in  some  mixing  of 
contaminated  groundwater.  The  benefits  and  potential  drawbacks  of  this  system  will  need  to  be 
considered  from  the  perspective  of  the  conceptual  site  model. 

Each  RFM  application  would  typically  yield  one  estimate  of  contaminant  mass  discharge  for  a 
given  date  and  time.  Wells  could  be  pumped  for  longer  to  yield  time-series  values  of  mass 
discharge  estimates.  As  described  in  Table  4.2,  the  RFM  approach  is  relatively  new  and  has  not 
been  commonly  used  in  the  field. 

5. 1. 6.  Integral  Pumping  Tests 

Unlike  SSP,  IPTs  refer  to  a  method  used  to  estimate  depth-averaged  contaminant  distribution  and 
fluxes  in  the  aquifer  during  transient  pumping,  i.e.,  prior  to  the  development  of  steady-state 
flowlines  in  the  aquifer.  This  approach  is  described  in  Bockelmann  et  al.  (2001),  in  which  the 
authors  use  an  inversion  algorithm  to  estimate  the  distribution  of  dissolved  contaminants  within 
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the  portion  of  an  aquifer  surrounding  a  pumping  well.  The  distribution  of  contaminants  is  used  to 
estimate  the  average  concentration  value,  which  is  then  multiplied  by  the  estimated  groundwater 
discharge  (integrated  Darcy  flux)  to  get  mass  discharge.  The  IPT  method  of  estimating  mass 
discharge  is  a  key  component  of  the  Integrated  Concept  for  Groundwater  Remediation 
(INCORE)  program  of  “emission-based”  cleanup  of  industrial  “megasites”  that  is  currently  being 
undertaken  in  Europe  (UW  GmbH,  2010).  As  with  SSP  and  MIPT  methods,  IPT  can 
overestimate  mass  flux/mass  discharge  estimates  in  fractured  rock  environments.  Pumping  can 
induce  high  mass  flux  out  of  low-transmissivity  zones  or  “dead-end”  fractures,  thereby 
overestimating  mass  flux  relative  to  ambient  flow  conditions  (Malcolm  Pimie  and  University  of 
Waterloo,  2010). 

5.1. 7.  Modified  Integral  Pumping  Tests 

While  the  IPT  method  described  above  uses  an  inversion  algorithm  to  calculate  the  average 
solute  concentration  which  is  then  multiplied  by  Darcy  flux  values  determined  using  other, 
conventional  methods,  the  MIPT  does  just  the  opposite.  A  hydraulic  pumping  test  is  performed 
in  a  single  well  or  in  several  wells  along  a  control  plane,  the  data  from  which  are  analyzed  using 
an  analytical  solution  that  isolates  Darcy  flux.  The  Darcy  flux  is  then  multiplied  by  the  average 
concentration  of  the  target  solute  measured  in  samples  collected  from  the  pumped  water.  The 
MIPT  approach  is  described  in  detail  by  Brooks  et  al.  (2008).  A  meso-scale  validation  of  this 
method  is  presented  by  Goltz  et  al.  (2009). 

5.2.  Status  of  Mass  Flux/Mass  Discharge  Measurement  Techniques 
5.2.1.  Technology  Development 

The  use  of  mass  discharge  for  evaluating  groundwater  contamination  has  been  recognized  by 
researchers  and  practitioners  for  more  than  10  years  (e.g.,  Semprini  et  al.,  1995;  Feenstra  et  ah, 
1996;  Einarson  and  Mackay,  2001;  and  Rao  et  al.,  2001).  Authors  of  these  papers  were  early 
advocates  of  the  relevance  of  using  mass  discharge  to  assess  the  significance  of  subsurface 
contamination  and  the  effectiveness  of  source  zone  and  plume  remediation.  Key  references 
describing  each  mass  discharge  measurement  technique  are  listed  in  Table  5-1. 

Federal  organizations  have  also  recognized  the  value  of  mass  discharge  measurements.  In 
August  2001,  an  expert  panel  convened  by  Strategic  Environmental  Research  and  Development 
Program  (SERDP)  and  ESTCP  called  for  the  development  of  better  contaminant  mass  discharge 
measurement  methods  as  one  of  the  highest  priority  research  and  development  needs  for 
evaluating  DNAPL  source  zone  remediation  (Stroo  et  al.,  2003).  Reduced  contaminant  flux  was 
one  benefit  of  targeted  source  zone  remediation  described  in  a  2003  USEPA  publication  titled 
"'The  DNAPL  Remediation  Challenge:  Is  There  a  Case  for  Source  Depletion?  ”  (USEPA,  2003). 
ESCTP  supported  the  production  of  a  computer  program  to  assist  in  calculation  of  contaminant 
mass  discharge,  known  as  the  "Mass  Flux  Toolkit”  (Farhat  et  al.,  2005).  The  program  is  cited  by 
the  USEPA’s  CLU-IN  website  (USEPA,  2010a)  and  by  the  U.S.  Air  Force  Center  for 
Engineering  and  the  Environment’s  (AFCEE)  Technology  Transfer  website  (AFCEE,  2010). 
There  have  been  over  700  downloads  of  the  GSI  Environmental,  Inc.  Mass  Flux  Toolkit, 
indicating  the  level  of  interest  and  use  of  mass  flux  analysis  (personal  communication,  Newell, 
2008).  Also  in  2008,  ESTCP  published  a  demonstration  report  evaluating  several  techniques  for 
measuring  mass  flux  at  Vandenberg  AFB  (Malcolm  Pimie  et  al.,  2010).  Recently,  Wheeldon 
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(2008)  evaluated  alternative  methods  for  estimating  eontaminant  mass  discharge  and  provided  a 
guide  for  implementation  and  cost  comparison.  This  document  is  yet  another  example  of  the 
continued  interest  and  critical  evaluation  of  the  mass  discharge  framework. 

Mass  discharge  was  featured  as  a  key  metric  forjudging  the  success  of  DNAPL  source  zone 
remediation  in  recent  ITRC  guidance,  titled  ''Strategies  for  Monitoring  the  Performance  of 
DNAPL  Source  Zone  Remedies'”  (ITRC  DNAPL  Team,  2004).  A  more  comprehensive  guide, 
titled  "Use  and  Measurement  of  Mass  Flux  and  Mass  Discharge,”  was  published  by  the  same 
group  in  late  2010  (ITRC,  2010b).  Indeed,  many  federally-funded  research  and  demonstration 
projects  have  focused  on  examining  the  effects  of  source  zone  remediation  on  plume  strength,  as 
measured  by  reductions  in  mass  flux  and  mass  discharge.  Some  of  the  key  recent  publications  on 
this  topic  include  the  following:  Basu  et  ah,  2008;  Brooks  et  ah,  2008;  Brusseau  et  ah,  2008; 
DiFilippo  and  Brusseau,  2008;  Falta  et  ah,  2005a;  Falta  et  ah,  2005b;  Fure  et  ah,  2006;  Jawitz  et 
ah,  2005;  Kaye  et  ah,  2008;  Page  et  ah,  2007;  and  Suchomel  and  Pennell,  2006. 

Industry  is  also  seeing  the  importance  of  assessing  and  remediating  contaminated  sites  on  the 
basis  of  mass  flux  and  mass  discharge.  In  late  2003,  the  American  Petroleum  Institute  published 
a  guidance  document  centered  on  the  concept  of  mass  discharge  and  mass  flux  for  assessing  and 
remediating  fuel  release  sites  (Newell  et  ah,  2003).  Industrial  companies  that  have  large 
portfolios  of  contaminated  properties  see  the  wisdom  of  quantifying  their  environmental 
liabilities  based  on  their  potential  to  impact  downgradient  receptors.  Sites  that  pose  a  significant 
risk  to  downgradient  receptors  based  on  field  evaluations  of  mass  discharge  are  prioritized  for 
remediation.  Note  that  these  types  of  assessments  are  often  being  done  outside  of  the  regulatory 
framework  simply  to  provide  the  companies  with  more  accurate  information  to  run  their 
businesses. 

The  concept  of  mass  discharge  as  an  indicator  of  “plume  strength”  is  also  being  incorporated  into 
assessments  of  water  supply  well  vulnerability,  impacts,  and  protection.  Frind  et  ah  (2006) 
recently  published  a  numerical  approach  for  evaluating  well  vulnerability  that  incorporates  the 
mass  discharge  of  plumes  in  addition  to  hydraulic  capture.  Piersol  et  ah  (2005)  applied  a  mass 
discharge  framework  in  an  evaluation  of  potential  future  impacts  to  a  well  field  in  Panama.  A 
mass  discharge  framework  was  also  used  in  evaluations  of  impacts  to  water  supply  wells  at  three 
regulatory-driven  site  investigations  in  California  (Beckett  and  Stanley,  2005;  Einarson  et  ah, 
2005;  Gray  et  ah,  2005). 

The  mass  discharge-based  framework  is  also  being  applied  to  sites  where  contaminants  dissolved 
in  groundwater  discharge  to  surface  water  bodies.  As  discussed  in  Einarson  and  Mackay  (2001) 
and  Buscheck  (2002),  impacts  to  streams  and  rivers  are  directly  a  function  of  the  rate  of 
contaminant  mass  loading  from  groundwater  to  those  water  bodies.  Evaluation  of  impacts  to 
surface  water  based  on  assessments  of  groundwater  mass  discharge  have  been  described  by 
several  authors,  including  Buscheck  et  ah,  2003;  Chapman  et  ah,  2007;  Conant,  2004;  Ford, 

2005;  and  Hyun  et  ah,  2007. 

Mass  discharge-based  frameworks  for  site  assessment  and  cleanup  are  also  developing  outside  of 
the  U.S.  A  group  of  municipalities  in  Europe  is  performing  “emission-based”  assessments  and 
remediation  of  industrial  “mega-sites.”  These  assessments  use  IPTs  to  identify  plumes  with  the 
highest  rates  of  mass  discharge,  which  then  receive  top  priority  for  cleanup  (UW  GmbH,  2010). 
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The  province  of  British  Columbia,  Canada,  recently  published  a  guidance  document  on  MNA 
that  recommends  monitoring  mass  discharge  along  multiple  transects  placed  along  plume  axes 
(King,  2006).  Finally,  environmental  regulators  in  Australia  recently  published  a  guidance 
document  for  site  assessment  that  recommends  flux-based  site  assessments  and  remediation 
(Clements  et  ah,  2008). 

5.2.2.  Applications  to  Date 

Different  mass  discharge  measurement  methods  have  been  tested  and  applied  at  different 
locations  and  in  different  ways.  Multiple  case  studies  have  been  described  in  summary 
documents  (e.g.,  ITRC,  2010b).  Many  applications  have  been  in  support  of  field  research 
projects,  while  others  have  been  deployed  on  consultant-led  site  investigation  and  remediation 
programs.  There  are  no  readily  available,  comprehensive  compilations  of  mass  discharge 
applications;  however,  a  summary  of  known  field  projects  (based  on  the  authors’  experience  and 
readily  available  publications  and  conference  proceedings)  is  shown  in  Table  5-2. 

5.2.3.  Commercial  Status 

Mass  flux  and  mass  discharge  measurement  methods  generally  employ  technologies  that  are 
already  widely  used  during  conventional  site  assessments  (e.g.,  DP  sampling  equipment, 
monitoring  wells,  pumps).  An  exception  to  this  is  the  PFM  technology,  which  is  a  patented 
technology  offered  exclusively  through  EnviroFlux,  LLC. 
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Table  5-2.  Summary  of  Mass  Flux  Applications 


Project/Site 

Contaminant 

Type 

Purpose 

Scale 

Measurement 

Method 

Reference 

Research 

Non- 

Research 

Risk  Eval. 

Remediation 
Design  or 
Metric 

Technology 

Eval. 

Demo 

Full 

Flux  (J) 

Discharge 

(Md) 

Synoptic 

Sampling 

PFM 

SSP 

REM 

IPX 

MIPT 

GW 

sw 

10  fuel  release 
sites  in  California 

MTBE 

X 

X 

X 

X 

X 

X 

Buscheck  et  al.,  2003 

Bedrock  site, 
Massachusetts 

VOCs 

X 

X 

X 

X 

X 

Eby  et  al.,  2004 

CFB  Borden, 
Ontario,  Canada 

VOCs 

X 

X 

X 

X 

X 

X 

Annable  et  al.,  2005 

Coal  tar  creosote 
controlled  release 

CFB  Borden,  Ontario, 
Canada 

PAHs 

X 

X 

X 

X 

X 

X 

X 

Thomson  et  al,  2008 

Coal  tar  site, 
Germany 

PAHs 

X 

X 

X 

X 

X 

DAffonseca  et  al,  2008 

Controlled  release 
experiment,  CFB 
Borden 

VOCs 

X 

X 

X 

X 

X 

X 

Devlin  et  al.,  2001 

Creosote  plume 
controlled  release 
experiment,  CFB 
Borden 

PAHs 

X 

X 

X 

X 

X 

King  and  Barker,  1999 

Dover  AFB,  DE 

Total  CVOCs 

X 

X 

X 

X 

X 

RTDF,  1998 

Dover  AFB, 
Deleware 

VOCs 

X 

X 

X 

X 

X 

Barbaro  and  Neupane,  2006 

Dry  cleaner  release 
Angus,  Ontario, 
Canada 

PCE 

X 

X 

X 

X 

X 

Guilbeault  et  al.,  2005 

Elizabeth  City,  NC 

MTBE 

X 

X 

X 

X 

X 

Wilson  et  al.,  2000 

Former  manufacturing 
plant, 

Midwestern  U.S. 

TCE 

X 

X 

X 

X 

X 

X 

Basu  et  al.,  2006 

Former  MGP, 
Germany 

PAHs 

X 

X 

X 

X 

X 

Bockelmann  et  al.,  2003 

Fuel  release  site, 
Morro  Bay,  CA 

MTBE 

X 

X 

X 

X 

X 

Beckett  and  Stanley,  2005 

Fuel  terminal, 

San  Diego,  CA 

MTBE 

X 

X 

X 

X 

X 

Roth  et  al.,  2004 

Fuel  terminal, 

San  Jose,  CA 

Petroleum 

hydrocarbons 

X 

X 

X 

X 

X 

Buscheck  et  al.,  2003 

Gas  station, 

Tahoe  City,  CA 

MTBE 

X 

X 

X 

X 

X 

Buscheck  et  al.,  2003 

Gas  station, 
Strathroy,  Ontario 

BTEX 

X 

X 

X 

X 

X 

Chapman  et  al.,  1997 

Hill  AFB,  UT  and  Fort 
Lewis,  WA 

VOCs 

X 

X 

X 

X 

X 

X 

X 

X 

Brooks  et  al.,  2008 
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Project/Site 

Contaminant 

Type 

Purpose 

Scale 

Measurement 

Method 

Reference 

Research 

Non- 

Research 

Risk  Eval. 

Remediation 
Design  or 
Metric 

Technology 

Eval. 

Demo 

Full 

Flux  (J) 

Discharge 

(Md) 

Synoptic 

Sampling 

PFM 

SSP 

REM 

IPX 

MIPT 

GW 

sw 

Industrial  site 
Milford,  New 
Hampshire 

PCE 

X 

X 

X 

X 

X 

Guilbeault  et  ah,  2005 

Industrial  site, 
Cocoa,  Florida 

TCE 

X 

X 

X 

X 

X 

Guilbeault  et  ah,  2005 

Industrial  site, 
Connecticut 

TCE 

X 

X 

X 

X 

X 

Chapman  and  Parker,  2005 

Industrial  site, 
Connecticut 

TCE 

X 

X 

X 

X 

X 

Chapman  et  ah,  2007 

Industrial  site, 
Germany 

VOCs 

X 

X 

X 

X 

X 

Bauer  et  ah,  2004 

Industrial  site, 
Germany 

VOCs 

X 

X 

X 

X 

X 

Jarsjo  et  ah,  2005 

ISCO  Demonstration 
CFB  Borden,  Ontario, 
Canada 

VOCs 

X 

X 

X 

X 

X 

X 

X 

Thomson  et  ah,  2007 

Landfill  site, 
Heidelberg,  Germany 

TCE 

X 

X 

X 

X 

Ptak  et  al.,  1998 

MGP  site 

PAHs 

X 

X 

X 

X 

X 

H3mn  et  al.,  2007 

MTBE  biodegradation 
assessment 

MTBE 

X 

X 

X 

X 

X 

Landmeyer  et  al.,  2001 

MTBE  fate  and 
transport  evaluation. 
Long  Island,  NY 

MTBE 

X 

X 

X 

X 

X 

X 

X 

Thuma  et  al.,  2001 

MTBE  release  site, 
Calistoga,  CA 

MTBE 

X 

X 

X 

X 

X 

Einarson  et  al.,  2005 

MTBE  release  site, 
Santa  Monica,  CA 

MTBE 

X 

X 

X 

X 

X 

Gray  et  al.,  2005 

Neckar  Valley, 
Germany 

PCE 

X 

X 

X 

X 

Holder  et  al,  1998 

Pine  River, 

Ontario,  Canada 

PCE 

X 

X 

X 

X 

X 

X 

Conant,  2004 

PRB  evaluation, 

UK 

BTEX 

X 

X 

X 

X 

X 

Wilson  et  al.,  2008 

Sampson  County,  NC 

MTBE 

X 

X 

X 

X 

X 

Borden  et  al.,  1997 

Several  sites. 

North  America 

Various 

X 

X 

X 

X 

X 

X 

DeFIlippo  and  Brusseau,  2008 

Site  1,  Alameda  Naval 
Air  Station,  CA 

cis-I,2-DCE 

X 

X 

X 

X 

Einarson  and  Mackay,  2001 

St.  Joseph,  MI 

Total  ethenes 

X 

X 

X 

X 

X 

Semprini  et  al.,  1995 
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Type 

Purpose 

Scale 

Measurement 

Method 

Project/Site 

Contaminant 

Research 

Non- 

Research 

Risk  Eval. 

Remediation 
Design  or 

Technology 

Eval. 

Demo 

Full 

Flux  (J) 

Discharge 

(Md) 

Synoptic 

Sampling 

PFM 

SSP 

REM 

IPX 

MIPT 

Reference 

GW 

SW 

Metric 

Superfund  site, 
Massachusetts 

Arsenic 

X 

X 

X 

X 

X 

Ford,  2005 

Supply  wellfield 
evaluation 
Aguadulce,  Panama 

Various 

X 

X 

X 

X 

Piersol  et  ah,  2005 

Test  site, 

New  Zealand 

Bromide  & 
nitrate 

X 

X 

X 

X 

X 

X 

Goltz  et  al.,  2009 

Testfeld  Sud,  Germany 

BTEX,  PAHs 

X 

X 

X 

X 

X 

Bockelmann  et  al,  2001 

Unnamed  site 

MTBE 

X 

X 

X 

X 

X 

Buscheck  et  al.,  2003 

USX  MNA  evaluation 

Petroleum 

hydrocarbons 

X 

X 

X 

X 

X 

Kao  and  Wang,  2001 

Vandenberg  AFB, 
California 

MTBE 

X 

X 

X 

X 

X 

X 

Einarson  et  al,  2006 

Vandenberg  AFB, 
California 

Bromide 

X 

X 

X 

X 

X 

X 

X 

X 

X 

Malcolm  Pimie  et  al,  2010 

Watervliet  Arsenal, 
New  York 

PCE,  TCE 

X 

X 

X 

X 

X 

X 

X 

Malcolm  Pimie,  Inc.  and 
University  of  Waterloo,  2010 

GW  =  groundwater,  SW  =  surface  water,  J  =  mass  flux,  Md  =  mass  discharge,  PAHs  =  poly  aromatic  hydrocarbons,  UST  =  underground  storage  tank,  CFB  =  Canadian  Forces  Base,  MGP  =  manufactured  gas  plant 
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5.2.4.  Cost 

There  are  a  number  of  different  cost  components  for  each  mass  flux/mass  discharge 
measurement  technique.  A  list  of  components  (e.g.,  well  installation,  sampling,  laboratory 
analysis)  is  shown  in  Table  5-3.  The  relative  cost  is  indicated  as  different  shades  of  green,  with 
darker  green  indicating  higher  cost.  Unshaded  cells  denote  cost  items  that  are  not  applicable  to 
the  method. 

Compared  with  the  cost  of  traditional  groundwater  monitoring,  mass  discharge  measurements 
may  be  the  same  or  more  expensive.  Sites  with  fairly  narrow  plumes  will  require  fewer  wells  and 
are  therefore  good  candidates  for  mass  flux  analysis.  However,  a  higher  density  of  wells  is 
typically  required  for  mass  flux  measurement  relative  to  groundwater  monitoring.  Well  spacing 
is  ideally  on  the  order  of  the  width  of  high  concentration  subplumes  to  improve  the  accuracy  of 
mass  flux  estimates.  More  heterogeneous  sites  require  tighter  well  spacing  to  achieve  the  same 
level  of  accuracy.  Costs  of  data  analysis  and  reporting  are  likely  more  expensive  than  traditional 
groundwater  monitoring  (but  also  provide  insights  not  possible  with  traditional  approaches). 
Actual  reporting  costs  depend  on  the  size  of  the  project,  stakeholder  familiarity,  and  acceptance 
of  mass  discharge  measurement  techniques.  Finally,  some  mass  discharge  measurement 
techniques  (e.g.,  synoptic  sampling)  require  a  more  detailed  knowledge  of  hydraulic  conductivity 
values  in  the  vicinity  of  the  sampling  transects.  This  one-time  cost  can  be  substantial. 

Summaries  of  actual  costs  for  mass  flux  analysis  are  rarely  reported  in  publications.  The  cost  of 
conducting  PFM  mass  flux  analysis  at  Fort  Lewis,  Washington  was  estimated  to  be  $150  per 
linear  vertical  foot  measured,  including  travel,  PFM  deployment  and  retrieval,  analysis  and 
reporting  (ESTCP,  2008b). 

As  discussed  in  Section  5.1,  the  cost  of  measuring  mass  flux/mass  discharge  can  be  reduced  at 
many  sites  by  pre-characterizing  the  locations  of  high-strength  plume  cores  with  DP  probes 
equipped  with  lithologic  and  VOC  sensors.  Subsequent  sample  collection  and  mass  flux 
measurements  can  then  be  focused  on  the  high-strength  plume  cores. 

Note  that  although  mass  flux/mass  discharge  measurements  may  be  more  expensive  to 
implement  compared  with  traditional  monitoring,  they  may  reduce  overall  project  costs  by  better 
focusing  remedial  efforts,  refining  remedial  design,  or  reducing  the  duration  of  treatment.  See 
Section  4.4  for  a  discussion  of  the  various  ways  in  which  mass  flux/mass  discharge 
measurements  can  benefit  a  project. 


59 


Table  5-3.  Cost  Components  of  Mass  Discharge  Measurement  Methods* 


Cost  Category 

Synoptic  Sampling 

PFMs 

SSP/MIPT 

RFM 

IPX 

Design 

Modeling 
(remedial  design) 

Not  applicable 

Not  applicable 

May  be  necessary, 
especially  if  few  wells 
are  installed.  Installing 
more  wells  may  reduce 
the  uncertainty  in  model 
predictions 

Numerical 
modeling  may  be 
needed  for  design 

Not  applicable 

Site 

characterization 
(hydraulic  testing, 
gradient 
measurements) 

Data  necessary  to  calculate 
Darcy  flux  (slug  tests, 
pumping  tests,  single-  or 
multi-well  tracer  tests, 
gradient  measurements) 

Less  detailed 
characterization  of 
hydraulic  conductivity 
needed  compared  with 
synoptic  sampling 

Less  detailed  plume 
characterization  needed 
compared  with  synoptic 
sampling 

More  extensive 
than  SSP  to 
estimate 
numerical 
modeling  inputs; 
more  design 
needed  for 
recirculation 
system 

Data  necessary 
to  calculate 

Darcy  flux 

Permitting 

Well  installation  permits 
may  be  needed 

Same  as  synoptic 
sampling.  Some 
regulatory  agencies 
may  require  a  permit 
for  tracer  addition. 

Same  as  synoptic 
sampling.  Also, 
treatment  and  discharge 
permits  may  be  needed. 

Same  as  synoptic 
sampling.  Also, 
treatment  and 
reinjection 
permits  may  be 
needed. 

Same  as 
synoptic 
sampling.  Also, 
treatment  and 
discharge 
permits  may  be 
needed. 

Capital 

Equipment 
mobilization  and 
set-up 

Not  applicable 

Not  applicable 

Tanks,  flow  monitoring, 
treatment  system, 
and/or  discharge 
equipment 

Tanks,  flow 
monitoring, 
recirculation 
system,  tracer 
injection  system 

Tanks,  flow 

monitoring, 

treatment 

system,  and/or 

discharge 

equipment 
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Cost  Category 

Synoptic  Sampling 

PFMs 

SSP/MIPT 

RFM 

IPX 

Capital  equipment 

Not  applicable 

Flux  meters 

Extraction  well  pumps, 
holding  tank,  treatment 
or  storage  equipment. 
Costs  may  be  incurred 
anyway  as  part  of 
remediation 

Similar  to  SSP 

Similar  to  SSP 
and  MIPT 

Monitoring  well 
installation 

Number  and  density  are 
site-specific.  Multi-level 
wells  may  be  needed. 

Similar  to  synoptic 
sampling.  Larger- 
diameter  casings  may 
be  needed  to  house 
PFMs. 

Not  applicable 

Piezometers  or 
monitoring  wells 
may  be  needed  to 
provide  data  for 
numerical 
simulations 

Not  applicable 

Extraction  well 
installation 

Not  applicable 

Not  applicable 

Transects  of  extraction 
wells  needed.  Spacing 
is  site-specific. 

Same  as  SSP  and 
MIPT 

Same  as  SSP 
and  MIPT 

Injection  well 
installation 

Not  applicable 

Not  applicable 

Not  applicable 

Number  and 
spacing  of 
injection  wells  is 
site-specific 

Not  applicable 

Modeling 

(performance 

verification) 

Not  typically  needed 

Not  typically  needed 

Modeling  may  be 
needed  to  demonstrate 
hydraulic  capture, 
particularly  if  well 
network  is  sparse 

More  extensive 
modeling  needed 
compared  to  SSP 

Modeling  may 
be  needed  to 
demonstrate 
hydraulic 
capture, 
particularly  if 
well  network  is 
sparse 

O&M 

Training 

Not  applicable 

Some  training  to 
understand  field 
methods 

Not  applicable 

Necessary  to 
understand 
concepts  and 
interpret  results 

Necessary  to 
understand 
concepts  and 
interpret  results 
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Cost  Category 

Synoptic  Sampling 

PFMs 

SSP/MIPT 

RFM 

IPX 

Field  sampling 
(labor,  equipment 
rental,  materials) 

Standard  monitoring  costs. 
Number  of  samples  is  site- 
specific. 

Comparable  to 
synoptic  sampling 
(two  trips  to  place  and 
retrieve  PFMs,  but  less 
field  time) 

Fewer  sampling 
locations.  Time-series 
data  may  be  useful. 

Same  as  SSP 

Same  as  SSP 

Analytical  costs 

Standard  analytical  costs 

Analysis  of  PFMs  is 
not  available  at 
commercial  laboratory 
-  must  be  conducted 
by  vendor 

Same  as  synoptic 
sampling,  but  likely 
with  fewer  samples 

Same  as  SSP 

Same  as  SSP 

Data  analysis  and 
reporting 

Cost  of  data  analysis  and 
reporting  may  be  more  than 
traditional  monitoring  since 
a  discussion  of  groundwater 
flow  rate  must  be  included 
and  more  experienced  staff 
are  typically  on  the  project 
team 

Level  of  effort/cost  is 
likely  between  that  of 
synoptic  sampling  and 
SSP.  Calculation  of 
mass  fluxes  can  be 
performed  by 
technology  vendor. 

Significant  costs  may  be 
required  for  data 
analysis  and  possibly 
modeling  to  determine 
whether  or  not  capture 
is  complete  and  refine 
system  operation  if 
necessary 

Same  as  SSP 

Same  as  SSP 

Electricity 

Not  applicable 

Not  applicable 

Extraction  wells  and 
treatment  system  energy 
requirements 

Same  as  SSP 

Same  as  SSP 

Treatment, 
discharge,  and/or 
off-site  disposal 

Not  applicable 

Not  applicable 

Site-specific  treatment 
and  discharge  or  off-site 
disposal  costs.  Costs 
may  be  incurred 
anyway  as  part  of 
remediation. 

Similar  to  SSP 
except  treated 
water  would  be 
re-injected 

Same  as  SSP 

Maintenance 

Standard  maintenance  costs 
for  monitoring  wells 

Same  as  synoptic 
sampling 

Same  as  synoptic 
sampling.  In  addition, 
extraction  wells  and 
treatment  system 
maintenance. 

Same  as  SSP; 
also,  maintenance 
of  reinjection 
wells 

Same  as  SSP 

Demobilization/Decommissioning 
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Cost  Category 

Synoptic  Sampling 

PFMs 

SSP/MIPT 

RFM 

IPX 

Equipment 

demobilization 

Not  applicable 

Not  applicable 

Demobilization  of 
treatment  system, 
holding  tanks 

Same  as  SSP 

Same  as  SSP 

Well 

decommissioning 

Standard  monitoring  well 
decommissioning  costs 

Same  as  synoptic 
sampling 

Fewer  wells  than 
synoptic  sampling  or 
PFMs,  higher  unit  cost 

Similar  to  SSP 

Same  as  SSP 

*  Shading  denotes  relative  magnitude  of  costs,  with  dar 

cer  shading  indicating  a  higher  level  of  cost/effort. 
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5.2.5.  Regulatory  Acceptance 

Mass  flux/mass  discharge  measurements  have  been  used  at  several  sites  and  the  concepts  of  mass 
discharge  have  been  published  in  several  regulatory  reports.  For  example,  DoD  has  used  mass 
discharge  measurements  in  support  of  regulatory  requirements  for  site  remediation.  At  Volunteer 
Army  Ammunition  Plant,  Chattanooga,  Tennessee,  mass  discharge  measurements  were  used  as  one 
set  of  data  to  support  the  natural  attenuation  of  contamination  downgradient  of  secondary  source 
zone(s)  (Malcolm  Pimie,  2006).  At  other  DoD  sites,  mass  discharge  measurements  have  been  used 
as  a  metric  to  evaluate  the  benefit  of  partial  DNAPL  source  zone  remediation  (e.g.,  Hill  AFB,  Utah) 
(Jackson  et  ah,  2005).  Mass  discharge  numbers  and  analyses  are  not  Applicable  or  Relevant  and 
Appropriate  Requirements  (ARARs).  However,  mass  discharge  may  be  written  into  a  Record  of 
Decision  (ROD)  or  other  decision  document  as  a  metric  used  to  determine  success.  Mass  discharge 
reduction  was  one  performance  metric  used  at  the  U.S.  Army  Watervliet  Arsenal,  New  York,  as 
documented  in  the  regulator-approved  Corrective  Measures  Work  Plan  for  Building  40  Bedrock 
Groundwater  (Malcolm  Pimie,  2004).  Mass  discharge  measurements  were  also  used  to  evaluate  a 
transition  to  MNA.  More  generally,  mass  discharge  measurements  are  increasingly  being  required 
by  regulatory  bodies  overseeing  partial  DNAPL  source  zone  or  plume  remediation  to  determine  if 
remedial  goals  are  being  met  and  allow  for  remediation  optimization  (USEPA,  2003;  Interstate 
Technology  Regulatory  Council  (ITRC),  2004). 

Evaluation  of  MNA  performance  based  on  reductions  in  mass  discharge  along  a  site  flow  path  is 
becoming  increasingly  common  amongst  regulatory  agencies.  USEPA  introduced  this  concept  in  a 
series  of  MNA  training  courses  offered  around  the  U.S.  in  1998  (USEPA,  1998).  In  2004,  USEPA 
updated  their  VOC  MNA  guidance  to  include  a  section  describing  the  advantages  of  flux-based 
monitoring  along  transects  oriented  perpendicular  to  plume  axes  (Pope  et  ah,  2004). 

State  regulatory  groups  are  also  beginning  to  provide  guidance  on  performing  flux-based  site 
assessments.  In  2004,  an  article  discussing  contaminant  mass  discharge  applications  was  published 
in  LUSTline,  a  trade  journal  oriented  to  state  and  local  regulators  overseeing  cleanups  of  fuel  release 
sites  (Nichols  and  Roth,  2004).  The  State  of  Washington  recently  issued  a  guidance  document 
advocating  flux-based  assessments  of  MNA  sites  (King,  2006). 

Finally,  ITRC  recently  published  a  new  document  on  mass  flux  and  mass  discharge  (ITRC,  2010b). 
Many  of  the  members  of  this  committee  are  state  regulators. 

Concerns  of  regulators  and  other  stakeholders  regarding  mass  flux/discharge  may  include  the 
following: 

•  Selection  and  proper  implementation  of  a  measurement  method 

•  The  ability  to  produce  accurate  and  reproducible  estimates  of  mass  discharge  using 
existing  monitoring  well  networks 

•  Current  lack  of  guidelines  for  mass  discharge  estimation 

•  Current  lack  of  regulatory  standards,  allowable  limits,  and  cleanup  goals  expressed  in 
terms  of  contaminant  mass  discharge 

•  Cost,  relative  to  traditional  metrics 
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•  Difficulty/ease  of  stakeholder  understanding  (i.e.,  familiarity) 

•  For  RFM,  inadvertent  mixing  or  spreading  of  contaminated  groundwater  beyond  the 
recirculation  zone 

The  assessment  and  guidance  provided  in  this  report  as  well  as  the  guidance  documents  described 
above,  particularly  the  recently  published  ITRC  document,  are  intended  to  help  address  these 
concerns. 

5.3.  Applicable  Site  Settings 

The  suitability  and  choice  of  mass  flux  measurement  techniques  is  site-specific.  Site  conditions  that 
can  affect  the  suitability  of  each  tool  and  therefore  the  choice  of  tool  at  a  site  include  the  following: 

•  Type  and  distribution  of  target  solute  (depth  and  type  of  contamination,  contaminant 
distribution) 

•  Geology  (type  of  aquifer  materials,  degree  of  heterogeneity) 

•  Hydrologic  conditions  (groundwater  velocity,  temporal  stability  of  the  flow  field) 

•  Existing  site  infrastructure  (e.g.,  extraction  system) 

•  Time  constraints  (duration  of  measurements) 

•  Waste  generation  and  disposal  considerations 
These  conditions  are  discussed  below. 

5.3.1.  Type  and  Distribution  of  Target  Solute 

Mass  flux/mass  discharge  measurement  tools  are  generally  not  contaminant-specific.^  They  can  be 
applied  to  measure  the  flux  of  any  type  of  dissolved  solute  past  a  given  transect.  Mass  flux/mass 
discharge  may  be  used  to  evaluate  soluble,  relatively  non-biodegradable  compounds  such  as  1 ,4- 
dioxane,  chromium(VI),  and  explosive  compounds.  Mass  flux/mass  discharge  is  a  powerful  metric 
for  demonstrating  attenuation  (via,  e.g.,  degradation,  sorption,  diffusive  sequestration). 

The  depth  of  contamination  does  not  inherently  limit  the  application  of  mass  flux  measurement 
tools.  However,  as  depth  increases,  so  does  cost.  Deep  mass  flux/mass  discharge  assessments  will 
become  more  expensive,  and  will  likely  have  fewer  data  points,  than  relatively  shallow  applications, 
making  them  less  reliable.  Factors  such  as  bias  associated  with  different  types  of  sampling  pumps 
needed  to  collect  samples  from  depth  and  pressure  changes  when  a  subsurface  groundwater  sample 
is  brought  to  the  surface  can  affect  the  accuracy  of  the  mass  discharge  measurements. 

The  distribution  of  contamination  is  also  an  important  variable  that  affects  both  cost  and 
performance  of  mass  flux  measurement,  as  illustrated  in  a  simplified  way  in  Figure  5-5. 
Measurements  downgradient  of  a  DNAPL  source  zone  may  require  a  very  dense  grid  of  monitoring 
points  even  in  a  relatively  homogeneous  geologic  setting.  For  an  example  site,  Guilbeault  et  al. 
(2005)  concluded  that  75%  of  contaminant  mass  discharge  occurred  within  5  to  10%  of  the  total 

^  An  exception  to  this  is  the  PFM  technology;  see  Section  4.1.3. 
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cross-sectional  plume  area,  even  in  a  sandy  aquifer.  This  was  due  to  the  complex  distribution  of  the 
residual  NAPL  in  the  subsurface  and  limited  transverse  mixing  within  the  aquifer  close  to  the 
source  zone.  This  example  illustrates  the  advantage  of  pumping-based  methods  that  extract 
groundwater  from  a  wide  capture  zone  (Figure  5-5). 

Figure  5-5.  Impact  of  Source  Heterogeneity  on  Contaminant  Flow  Paths 


Figure  5-5  illustrates  the  effect  of  source  heterogeneity  on  contaminant  flow  paths,  even  in 
relatively  homogeneous  media.  In  this  example,  discrete  sources  create  discrete  plumes  moving  to 
the  right  with  groundwater  flow.  Thus,  the  contaminant  mass  discharge  occurs  within  narrow 
regions.  If  using  the  synoptic  sampling  method,  a  very  closely  spaced  transect  of  wells  (A)  would 
have  a  better  chance  of  detecting  the  individual  plumes  and  quantifying  the  contaminant  mass 
discharge  than  a  less  closely  spaced  transect  (B).  The  advantage  of  pumping-based  methods  (C)  is 
apparent,  since  it  may  be  possible  to  capture  all  the  mass  discharge  within  otherwise  elusive  plumes. 

5.3.2.  Geology 

The  type  of  geologic  setting  influences  the  cost  and  type  of  mass  flux  measurement  technique.  Of 
the  case  studies  identified,  the  majority  of  the  assessments  have  been  in  shallow,  unconsolidated 
aquifers.  Very  few  sites  were  identified  with  mass  flux  measurement  application  in  fractured  rock 
environments.  Preferential  flowpaths  created  by  fractures  in  the  roek  make  proper  well  plaeement 
difficult,  reducing  the  accuracy  of  mass  flux  estimates  and  requiring  more  detailed  subsurface 
eharacterization. 

The  degree  of  geologic  heterogeneity  exerts  a  strong  control  on  the  movement  of  groundwater  and, 
therefore,  dissolved  contaminants  in  the  subsurface.  The  required  density  of  monitoring  points  in  a 
multi-level  well  transect  can  be  influenced  by  geologic  heterogeneity.  The  density  of  the  monitoring 
network  need  not  always  be  higher  in  more  strongly  heterogeneous  deposits,  however.  This  is 
shown  in  Figure  5-6,  at  a  site  where  nearly  all  groundwater  flux  travels  along  interconnected  buried 
stream  channels.  Nearly  all  of  the  eontaminant  flux  may  oeeur  within  the  coarse-grained  channel 
deposits  and  require  relatively  few  wells  (B).  This  conceptual  diagram  illustrates  the  importance  of 
defining  the  preferential  groundwater  flowpaths  prior  to  designing  the  mass  flux/mass  diseharge 
testing  program. 
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Figure  5-6.  Plan  View  Illustration  of  the  Effect  of  Geologic  Heterogeneity  on  Contaminant 

Flow  Paths 


Permeable  media  are  shown  in  white;  relatively  impermeable  media  are  shown  in  gray 

Pumping  methods  for  estimating  mass  discharge  are  also  affected  by  geologic  heterogeneity,  and 
numerical  or  analytical  models  may  be  needed  to  define  capture  zones.  Model  accuracy  is 
dependent  on  the  prior  characterization  of  geologic  heterogeneities  and  model  representation  of 
capture.  Model  predictions  of  capture  zones  are  dependent  on  prior  geologic  characterization; 
therefore,  geologic  uncertainties  will  translate  into  error  in  mass  flux  predictions. 

5.3.3.  Hydrologic  Conditions 

Groundwater  flux  affects  mass  discharge  measurements.  Sites  with  higher  groundwater  velocities 
require  more  extraction  wells  or  a  higher  extraction  rate  to  fully  sample  the  contaminant  plume.  The 
extraction  rate  from  a  well  is  limited  by  the  aquifer  transmissivity  and  well  efficiency;  pumping  at  a 
higher  flow  rate  has  the  disadvantage  of  increasing  the  time  to  reach  steady-state.  If  groundwater 
velocity  is  not  constant  in  magnitude  or  direction  over  time,  further  complexities  arise.  Extraction 
wells  may  fully  sample  the  plume  some  of  the  time  and  only  a  portion  of  it  at  other  times,  resulting 
in  apparent  fluctuations  in  aquifer  contaminant  mass  discharge.  Extraction  system  design  for 
measuring  mass  discharge  must  be  based  on  a  thorough  hydrologic  CSM.  Methods  that  involve 
monitoring  well  samples  (snapshot  sampling)  or  PFM  deployment  may  measure  distinctly  different 
portions  of  a  plume  if  groundwater  flow  direction  changes  over  time  (Rein  et  al.,  2009).  As 
discussed  previously,  pumping  methods  of  measuring  mass  flux  may  alter  groundwater  flow 
conditions  and  induce  mass  flux  out  of  low  transmissivity  zones,  particularly  in  fractured 
environments. 

Incomplete  plume  capture,  which  leads  to  an  underestimate  of  contaminant  mass  flux,  may  occur  if 
the  plume  location  (lateral  and  vertical)  is  not  sufficiently  defined,  wells  are  not  ideally  located,  or 
if  wells  are  not  pumped  long  enough  to  fully  capture  dissolved  contaminants  residing  within  their 
capture  zone.  This  can  also  occur  due  to  uncertainty  in  estimates  of  aquifer  properties  (e.g.,  if  Darcy 
flux  in  the  aquifer  is  higher  than  estimated  due  to  more  permeable  sediments  and/or  greater 
hydraulic  gradients).  Mass  discharge  values  calculated  under  these  scenarios  may  be  erroneously 
low.  “Over-capture”  of  plume(s),  can  lead  to  an  overestimate  of  contaminant  mass  discharge  if 
calculations  are  made  prior  to  steady-state  conditions.  Initial  pumping  of  a  well  will  draw 
contaminants  in  from  all  sides  at  relatively  high  rates.  Over  time,  clean  water  bounding  the 


67 


dissolved  plume(s)  will  also  be  drawn  into  the  well,  reducing  average  concentrations  and  calculated 
mass  discharge. 

5. 3. 4.  Existing  Site  Infrastructure 

The  choice  of  mass  flux  measurement  technique  will  often  depend  on  existing  site  infrastructure, 
(typically  monitoring  wells  and  extraction  wells)  and  the  planned  or  chosen  final  remedy.  A  site 
with  an  existing  pump-and-treat  system  designed  to  capture  contamination  flowing  from  a  source 
zone  (a  boundary  containment  system)  is  a  prime  candidate  for  mass  discharge  measurement  using 
the  SSP  method  or  RFM.  Sites  with  an  existing  transect  of  monitoring  wells  would  be  better 
candidates  for  synoptic  sampling  or  PFMs. 

5.3.5.  Time  Constraints 

The  duration  of  measurement  may  also  be  a  site  constraint  affecting  the  choice  of  mass  discharge 
measurement.  If  sparse  extraction  wells  are  not  continuously  pumped,  reaching  steady-state 
conditions  can  take  weeks  or  months.  Permitting,  pilot-testing,  and  other  steps  in  the  design  process 
are  likely  longer  for  the  RFM  method  compared  with  synoptic  sampling  and/or  PFM  measurement. 

5.3.6.  Waste  Generation  and  Disposal  Considerations 

At  some  sites,  waste  generation  is  a  key  concern;  at  others,  it  is  of  growing  importance  and  priority 
to  improve  the  sustainability  of  environmental  remediation  and  reduce  costs.  Mass  discharge 
measurements  involving  groundwater  extraction  (SSP)  may  therefore  be  undesirable.  With  the  RFM 
method,  pumped  groundwater  is  reinjected,  avoiding  wastewater  handling  and  disposal;  however, 
treatment  may  still  be  required  before  reinjection.  The  process  is  still  energy-intensive.  PFMs  and 
synoptic  sampling  methods  generate  only  a  minimal  amount  of  material  requiring  disposal. 

5.4.  Advantages  and  Disadvantages  Compared  with  Other  Available  Approaches  to  Plume 
Monitoring 

Because  the  mass  flux/mass  discharge  measurement  techniques  evaluated  in  this  report  are  unique, 
they  cannot  be  directly  compared  with  conventional  technologies.  The  closest  technique  for 
comparison  is  traditional  groundwater  monitoring.  Typically,  groundwater  monitoring  would  still 
be  conducted;  in  addition,  mass  flux/mass  discharge  would  be  measured. 

There  are  several  advantages  for  estimating  mass  discharge,  including  the  following: 

Improved  CSM.  Mass  discharge  measurements  can  provide  a  different  perspective  on  the 
magnitude,  location,  and  average  impact  of  contaminant  transport.  For  example,  high  concentrations 
in  one  area  may  be  recognized  to  be  of  relatively  minor  significance  if  there  is  low  contaminant 
mass  discharge  from  these  areas.  Flux  measurements  in  different  portions  of  the  aquifer  can  be 
compared  to  better  understand  contaminant  fate  and  transport. 

Better  understanding  of  risks  to  potential  receptors.  Risk  to  downgradient  receptors  is  more 
closely  related  to  the  rate  of  contaminant  mass  migration  than  to  concentration  measured  at  specific 
subsurface  locations.  Therefore,  mass  discharge  calculations  make  it  easier  to  assess  risk  to 
downgradient  receptors  and  assess  risk  reduction.  It  can  also  be  used  as  a  way  to  compare  and 
prioritize  remedial  actions  at  different  sites,  from  the  perspective  of  risk  to  downgradient  receptors. 
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in  the  absence  of  remedial  or  other  mitigation  measures.  In  this  case,  mass  flux/mass  discharge 
measurements  are  not  replacing  cleanup  standards  or  serving  as  an  alternative  compliance  metric; 
rather  they  are  helping  to  quantify  potential  exposure  and  perhaps  prioritize  remedial  actions. 

Improved  remedial  design.  Definition  of  local  mass  fluxes  is  necessary  for  effective,  targeted  in- 
situ  remediation.  As  an  indicator  of  the  “strength”  of  contaminants  being  released  to  areas 
downgradient  of  the  source  area,  a  mass-flux  based  metric  for  dissolved  contaminants  can  be  used 
to  identify  remedial  priorities,  resulting  in  more  focused,  more  effective,  and  less  expensive  in-situ 
remediation. 

Improved  performance  assessment.  Sites  could  benefit  from  evaluating  remedial  progress  from  the 
perspective  of  reducing  mass  discharge.  For  example,  concentrations  may  decline  at  different  rates 
in  spatially  distributed  monitoring  wells  in  response  to  upgradient  treatment,  making  it  difficult  to 
quantify  the  overall  effectiveness  of  treatment.  An  analysis  of  one  or  more  subsets  of  wells 
indicating  a  decrease  in  contaminant  mass  discharge  conveyed  by  a  plume  through  a  transect 
provides  a  meaningful  way  to  average  concentration  reductions  across  space  and  support 
conclusions  regarding  treatment  efficiency,  indicating  the  effectiveness  of  partial  mass  removal. 

More  realistic  expectations.  Using  mass  flux/mass  discharge  reduction  as  a  metric  may  refocus 
remedial  attempts  at  complex  sites  where  it  may  be  technically  impracticable  to  reduce  contaminant 
concentrations  to  target  levels  within  a  reasonable  timeframe.  Mass  flux/mass  discharge  has  been 
used  as  an  alternative  performance  metric/RAO  for  complex  source  areas  (see,  for  example, 
Watervliet  Arsenal  (Malcolm  Pimie  and  University  of  Waterloo,  2010)). 

Better  monitoring  plan/site  stewardship.  Site  owners  may  find  that  a  mass  flux/mass  discharge- 
based  metric  for  dissolved  contaminants  leaving  their  sites  will  result  in  a  more  focused  monitoring 
program. 

More  rapid  site  closure.  Site  owners  may  find  that  a  mass-flux  based  metric  for  dissolved 
contaminants  leaving  their  sites  will  result  in  reduced  overall  treatment  duration  and  cost. 

Disadvantages  of  mass  flux  measurements  include  the  lack  of  familiarity  of  stakeholders  with  mass 
discharge  concepts  and  measurement  techniques  and  extra  cost  to  conduct  these  analyses.  Including 
mass  discharge  estimates  in  reports  and  discussions  may  be  met  with  resistance  or  disinterest  until 
more  guidelines  and  tools  become  available,  more  experience  has  accumulated,  and  more  successful 
applications  have  been  documented.  Mass  flux  measurements  will  likely  be  an  added  cost  to 
monitoring  programs  required  by  regulatory  agencies,  as  regulatory  requirements  (e.g.,  meeting 
ARARs)  are  currently  expressed  in  terms  of  concentrations  in  vertically  homogenized  groundwater 
samples  from  relatively  long-screened  wells  (e.g.,  10-  to  20-foot  screens). 

Advantages  and  limitations  of  each  of  the  mass  discharge  measurement  methods  (compared  with 
each  other)  are  summarized  in  Table  5-4  and  briefly  discussed  below.  Note  that  the  accuracy  of  all 
of  the  methods  can  be  improved  (and  costs  reduced)  by  first  identifying  the  locations  of  high- 
strength  plume  cores  along  the  transect  using  DP  methods  and  then  designing  the  mass  flux/mass 
discharge  measurements  to  ensure  that  the  high-strength  portions  of  the  plume  are  sampled  or 
captured. 
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Synoptic  sampling  is  familiar  to  many  consultants  and  regulators  and  helps  identify  coneentration 
distribution  aeross  the  plume.  However,  this  method  may  require  the  eolleetion  of  numerous 
samples,  reliable  estimates  of  groundwater  discharge  distribution,  and  assumptions  about 
contaminant  distribution  between  sample  locations. 

SSP  is  conceptually  simple  but  may  be  difficult  to  implement  or  interpret  in  praetiee,  depending  on 
the  site  setting.  The  method  requires  knowing  enough  about  the  plume  and  hydrogeology  to  ensure 
capture.  The  method  may  require  disposal  of  relatively  large  volumes  of  eontaminated  water.  In 
addition,  the  process  of  pumping  may  alter  or  mix  the  contaminant  distribution  under  evaluation, 
potentially  aeross  distinct  geochemical  zones,  affecting  or  enabling  in-situ  reaetions.  Results  may  be 
influeneed  by  sorption/desorption  and  changes  in  bioehemical  reaetions.  Finally,  it  may  be  diffieult 
to  interpret  results  without  prior  knowledge  of  the  eoncentration  distribution  across  the  plume  (such 
as  that  gained  from  monitoring  single-  or  multi-level  wells,  or  pre-eharaeterizing  the  transects  as 
described  above).  Closely-spaeed  extraetion  wells  will  reduee  the  time  needed  to  reach  steady-state 
plume  capture.  SSPs  may  be  performed  in  a  step  fashion  to  identify  the  optimal  pumping  rate  for 
the  measurement  method. 

PFMs  are  a  relatively  new  teehnology  that  has  only  recently  been  available  eommercially. 

Therefore,  projeet  stakeholders  may  be  unfamiliar  with  it.  PFM  measurements  ean  be  confounded 
by  sorption/desorption,  by  vertical  flow  that  may  occur  in  the  wells  that  house  the  PFMs  or  in  the 
filter  paek  surrounding  the  well  sereen.  Results  may  also  be  variable  at  sites  where  groundwater 
flow  velocity  changes  over  time.  Mass  discharge  estimates  based  on  PFMs  require  extrapolation  of 
contaminant  distributions  between  wells  and  are  subjeet  to  estimation  of  the  effeetive  capture  zones 
(a  process  that  is  sensitive  to  well  bore  diameter,  the  presence  and  type  of  sand  paek,  and  other 
faetors).  The  primary  advantage  of  PFMs  is  integrating  time-varying  mass  diseharge. 

RFM,  eurrently  the  least  tested  of  the  four  methods  at  field-seale,  may  be  conceptually  difficult  to 
set  up,  operate,  and  communieate  results  to  stakeholders.  Like  SSP,  this  method  integrates 
contaminant  flux  from  the  zone  of  groundwater  extraction,  reducing  the  need  to  make  assumptions 
about  eontaminant  distribution  between  well  loeations.  Since  the  pumped  water  is  reinjected,  no 
disposal  is  required.  This  is  a  potentially  significant  advantage,  assuming  approval  for  reinjeetion 
can  be  obtained.  Like  SSP,  a  key  diffieulty  is  in  knowing  enough  about  the  plume  and 
hydrogeology  to  ensure  eapture.  Mass  discharge  measurement  may  be  affected  by 
sorption/desorption.  In  addition,  the  process  of  pumping  may  alter  or  mix  the  contaminant 
distribution  that  is  under  evaluation,  potentially  aeross  distinct  geochemical  zones,  affecting  or 
enabling  in-situ  reactions. 

These  faetors  and  others  are  summarized  in  Table  5-4. 
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Table  5-4.  Comparison  of  Mass  Discharge  Measurement  Methods 


Parameter 

Synoptic 

Sampling 

PFMs 

SSP 

RFM 

IPX 

MIPT 

Method 

description 

Synoptic  point 
measurements 
along  a 
sampling 
transeet. 

Time-integrated 

point 

measurements 
along  a  transeet 
using 

eompound- 

speeific 

sorbents. 

SSP  and  sampling  of 
a  transeet  of 
extraetion  wells. 

Monitoring  of 
extraetion  and 
reinjeetion  well 
pairs  installed 
aeross  plume. 

Transient 
pumping  and 
use  of  inversion 
algorithm  to 
estimate  depth- 
weighted 
average 
concentration. 

Analytical 
method  of 
estimating 

Darey  flux  from 
transient 
pumping; 
multiply  by 
average 

concentration  to 
estimate  mass 
flux. 

Applicability  to 
site 

contaminants 

Applieable  to 
all 

contaminants. 

Compatible 
with  a  seleet  list 
of  dissolved 
eontaminants. 
Researeh  and 
development  is 
underway  to 
expand  the  list 
of  analytes  that 
ean  be 

measured  with 
these  devices. 

Applieable  to  all 
eontaminants. 

Applieable  to 
all 

eontaminants. 

Applieable  to 
all 

contaminants. 

Applieable  to 
all 

contaminants. 
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Parameter 

Synoptic 

Sampling 

PFMs 

SSP 

RFM 

IPX 

MIPT 

Applicability  to 

hydrogeologic 

setting 

More  accurate 
at  sites  with 
well- 

characterized 

hydrogeology. 

More  effort 
needed  to 
maintain 
accuracy  at 
sites  with 
variable 
groundwater 
velocity  or 
significant 
vertical  fluxes. 

Applicable  in 
hydrogeologic 
settings  where 
extraction  is  an 
effective  means  of 
capture. 

Limited  to 
aquifers  that 
have  sufficient 
hydraulic 
conductivity  to 
permit 
recirculation 
between  wells. 

Not  accurate  at 
highly 

heterogeneous 

geologic 

formations. 

Not  accurate  at 
highly 

heterogeneous 

geologic 

formations. 
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Parameter 

Synoptic 

Sampling 

PFMs 

SSP 

RFM 

IPX 

MIPT 

Prerequisite  site 

Focused  on  a 

Foeused  on  a 

Definition/verifieation 

More 

Same  as  SSP. 

Same  as  SSP. 

characterization 

two- 

two- 

of  zone  of 

eharacterization 

In  addition, 

dimensional 

dimensional 

measurement  may 

needed  than 

standard  site 

plane  across  the 

plane  aeross  the 

rely  on  ealibrated 

SSP  in  order  to 

characterization 

plume.  Site 

plume.  Site 

groundwater  flow 

estimate  input 

parameters 

characterization 

eharacterization 

models.  This  requires 

values  and 

(hydraulie 

can  therefore 

ean  therefore 

that  the  portion  of  the 

ealibrate  flow 

conductivity. 

foeus  on  a 

focus  on  a 

aquifer  where  the 

model. 

hydraulic 

relatively  small 

relatively  small 

measurements  are 

gradient)  are 

slice  of  the 

slice  of  the 

made  be  characterized 

needed. 

aquifer  where 

aquifer  where 

in  three  dimensions. 

the 

the 

measurements 

measurements 

Prior  charaeterization 

are  being  made. 

are  being  made. 

of  the  general 

Standard  site 

Detailed 

loeations  of  plume 

characterization 

hydraulie 

eore(s)  necessary  to 

parameters 

eonduetivity 

ensure  high-flux  parts 

(hydraulie 

and  gradient 

of  the  dissolved 

conductivity, 

information  not 

plume(s)  are 

hydraulic 

needed. 

measured.  However, 

gradient) 

unlike  synoptie 

needed. 

Prior 

sampling  and  PFMs, 

eharacterization 

detailed 

Prior 

of  the  locations 

eharacterization  of  the 

characterization 

of  plume 

dissolved  plumes  may 

of  the  loeations 

eore(s)  and  high 

not  be  as  critieal  sinee 

of  plume 

K  zones 

the  plume  eores  are 

core(s)  and  high 

necessary  to 

hydraulically  captured 

K  zones 

ensure  high- 

by  pumping. 

necessary  to 

flux  parts  of  the 

ensure  high- 

dissolved 

flux  portions  of 

plume(s)  are 

the  dissolved 
plume(s)  are 
measured. 

measured. 
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Parameter 

Synoptic 

Sampling 

PFMs 

SSP 

RFM 

IPX 

MIPT 

Ease  of  system 
installation/ 
retrofit  of 
existing  wells 

Relatively  easy 
to  install  wells 
along  transects 
using 

commercially 
available 
monitoring  and 
drilling 
equipment; 
relatively  easy 
to  install  new 
wells  in 
conjunction 
with  existing 
ones  to  create  a 

transect. 

Relatively  easy 
to  install  the 
devices  in 
wells.  Flux 
meters  may  be 
deployed  in 
existing  wells. 

Must  set  up  and 
maintain  system  for 
measuring  extraction 
rates  from  one  or 
more  wells, 
compositing  flows 
from  multiple  wells, 
storing  and  disposing 
and/or  treating 
extracted  water.  Can 
adapt  existing 
extraction  systems  for 
SSP. 

Pumped  water 
is  reinjected,  so 
no  disposal  is 
required.  May 
require  regular 
re-development 
of  wells  to 
maintain 
injection  rate 
during  the  test. 
Requires 
addition  of  a 

tracer  to 
recirculated 
water,  which 
may  entail 
regulatory 
approval. 
Regulatory 
approval  to  re¬ 
inject  pumped 
water  may  be 
necessary. 

Same  as  SSP. 
However,  pump 
test  does  not 
need  to  operate 
for  as  long, 
reducing  the 
size  of  water 
treatment/ 
storage 
facilities. 

Same  as  IPT. 
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Parameter 

Synoptic 

Sampling 

PFMs 

SSP 

RFM 

IPX 

MIPT 

Required  well 
network 

Very  dense 
networks  of 
multi-level 
monitoring 
wells  may  be 
necessary 
within  a 
sampling 
transect  to 
sample  all  of 
the  high  flux 
zones, 
especially 
immediately 
downgradient 
from 

contaminant 

source  zones 

where 

concentration 
gradients 
transverse  to 
the  plume  axes 
may  be  very 
large. 

Dense  networks 
of  these  devices 
may  be 
necessary  in  a 
sampling 
transect  to 
sample  all  of 
the  high  flux 
zones  (as 
discussed 
above).  Note: 
well  is  not 
useable  during 
PFM 

deployment. 

Number  of  wells 
required  to  fully 
capture  dissolved 
plume(s)  a  function  of 
the  aquifer  properties. 
Aquifers  with  low 
transmissivity  require 
fewer  wells  to  capture 
a  plume  than  more 
transmissive  aquifers 
since  capture  zone 
width  is  inversely 
proportional  to 
transmissivity.  Note 
that  for  any  aquifer 
type,  the  time  to  attain 
steady-state  flowlines 
(and  hence  to  reduce 
the  volume  of 
groundwater 
extracted)  can  be 
reduced  by  installing 
many  extraction  wells 
along  a  transect,  each 
pumped  at  a  low  rate. 
Pumping  may  draw 
contaminants  from 
less  transmissive 
layers  that  would  not 
otherwise  contribute 
to  mass  flux  under 
ambient  conditions. 

Good  lateral 
coverage  for 
few  wells  if 
recirculation 
between  well 
pairs  can  be 
achieved  and 
sustained. 
Continuous 
monitoring  of 
mass  discharge 
may  be 
feasible,  if  the 
system  operates 
continuously. 
Pumping  may 
draw 

contaminants 
from  less 
transmissive 
layers  that 
would  not 
otherwise 
contribute  to 
mass  flux  under 
ambient 
conditions. 

Limited  to  the 
number  of  wells 
needed  to  fully 
capture  the 
plume. 

Pumping  may 
draw 

contaminants 
from  less 
transmissive 
layers  that 
would  not 
otherwise 
contribute  to 
mass  flux  under 
ambient 
conditions. 

Same  as  SSP 
and  IPX. 

Pumping  may 
draw 

contaminants 
from  less 
transmissive 
layers  that 
would  not 
otherwise 
contribute  to 
mass  flux  under 
ambient 
conditions. 

75 


Parameter 

Synoptic 

Sampling 

PFMs 

SSP 

RFM 

IPX 

MIPT 

Sampling  and 
analysis 

Sampling  and 
sample  analysis 
follow 
established 
protocol. 

Quantification 
of  the  mass 
collected  in  the 
devices  is 
performed  by 
the  technology 
vendor. 

Analytical  costs  may 
be  reduced  because 
fewer  groundwater 
samples  are  collected, 
compared  with 
synoptic  sampling  or 
PFMs. 

Requires 
additional 
sampling  and 
analysis  to 
determine 
tracer 

recirculation 
history, 
compared  with 
other  three 
methods. 

Same  as  SSP. 

Same  as  SSP 
and  IPX. 
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Parameter 

Synoptic 

Sampling 

PFMs 

SSP 

RFM 

IPX 

MIPT 

Ease  of 

conceptual 

understanding 

Generates  two- 
dimensional 
distribution  of 
contaminants  at 
a  given  time. 

This  method  is 
conceptually 
simple  and  easy 
to  communicate 
to  stakeholders. 

Devices  record 
the  mass  of  the 
target  analyte 
sorbed  onto  the 
device  during 
the  time  that  the 
device  is 
deployed, 
simplifying 
mass  discharge 
calculations. 
Calculation  of 
mass  flux  and 
mass  discharge 
requires  more 
complicated 
analytical 
solutions  than 
those  for 
synoptic 
sampling 
method,  e.g.,  to 
consider 
various 
borehole  and 
well 

geometries. 

Measures 
contaminant 
concentration 
extracted  at  steady- 
state.  Requires  good 
knowledge  of  system 
hydraulics  and  may 
require  use  of 
numerical  flow 
models  to  design  and 
verify  that  entire  mass 
discharge  is  being 
measured. 

Conceptually 
difficult  to  set 
up,  operate,  and 
communicate  to 
stakeholders. 

Conceptually 
simple  but 
mathematically 
complicated. 

Requires 
understanding 
and  ability  to 
calculate 
integrated 

Darcy  flux. 
Conceptually 
difficult  to 
communicate  to 
stakeholders. 

77 


Parameter 

Synoptic 

Sampling 

PFMs 

SSP 

RFM 

IPX 

MIPT 

Reproducibility 
and  accuracy 

This  method  is 
easy  to  repeat. 
There  may  be 
relatively  large 
errors  in 
calculated  mass 
discharge 
values  due  of 
low  resolution 
of  field  data 
(e.g.,  hydraulic 
conductivity 
values 

estimated  from 
slug  tests). 

These  can  be 
minimized  by 
thorough  site 
characterization 
and  tight  well 
spacing. 

Ambient 
vertical 
groundwater 
flow  within  the 
wells  in  which 
the  instruments 
are  installed  can 
bias  the  results. 
This  bias  can  be 
minimized  or 
eliminated 
through  the  use 
of  baffles  that 
prevent  in-well 
flow. 

Flow  through 
the  wells  and 
convergence 
into  the  well 
must  be 
properly 
understood. 

Transient  methods 
may  alter  the  location 
of  the  plume, 
changing  attenuation 
mechanisms  (either 
inhibiting  or 
enhancing)  so  that 
“natural”  mass 
discharge  cannot  be 
measured.  It  is 
difficult  to  determine 
if  the  system  is 
capturing  the  entire 
plume;  incomplete 
plume  capture  is 
possible.  If  the  entire 
plume  is  captured  by 
the  pumping  wells, 
the  measurement  of 
mass  discharge  will 
be  more  accurate,  as 
pumping  integrates 
contaminant  mass. 
Relatively  insensitive 
to  actual  short- 
duration  changes  in 
mass  discharge  in  the 
plume. 

Least  tested  of 
these  methods. 
Limited 
documentation 
of  field 

applications  of 
this  method. 

Method  is 
relatively  easy 
to  repeat. 

Method  is 
reported  to  be 
accurate 
although 
comparison  of 
results  to 
known  mass 
discharge  has 
not  been 
performed. 
Method  yields 
an  estimate  of 
average 
contaminant 
concentrations 
in  test  zone; 
calculation  of 
Darcy  flux 
using 

conventional 
methods  still 
required. 

Method  is 
relatively  easy 
to  repeat  and  is 
reported  to  be 
accurate. 

Method 
produces 
estimates  of 
Darcy  flux; 
estimation  of 
average  solute 
concentration  in 
test  area  via 
other  methods 
required. 
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Parameter 

Synoptic 

Sampling 

PFMs 

SSP 

RFM 

IPX 

MIPT 

Waste 

generation 

Minimal  waste 
from  sampling 
procedures. 

Least  amount  of 
waste 
generated, 
compared  with 
other  mass  flux 
measurement 

methods.  Less 
energy  required 
compared  with 
SSP,  REM. 

Generates  purge  water 
that  will  require 
treatment  and/or 
disposal. 

Generates 
wastewater  that 
may  require 
aboveground 
treatment  prior 
to  reinjection. 

Generates  less 
wastewater  than 
SSP  due  to 
shorter  time 
needed  for 
pumping. 

Same  as  IPT. 

Implementation 

Costs 

Costs 

associated  with 
collecting  and 
analyzing 
samples  from 
dense 
monitoring 
transects  can  be 
high. 

Estimation  of 
groundwater 
flow  through 
the  sampling 
transects  may 
require 

significant  time, 
effort,  and 
money, 
especially  in 
heterogeneous 
formations. 

Less  detailed 
plume 

characterization 
and  field  work 
is  needed 
compared  with 
synoptic 
sampling; 
higher  capital 
cost  to  purchase 
flux  meters, 
ship  and 
analyze 
samples 
compared  with 
other  three 
methods. 

Can  generate  a  lot  of 
water  that  may 
require  treatment 
and/or  disposal, 
which  may  be 
expensive.  Fewer 
wells  required  than 
for  synoptic  sampling, 
but  type  of  well  may 
be  different  (e.g., 
extraction  well  may 
require  different  sand 
pack  compared  to  a 
monitoring  well). 

Similar  to  SSP 
plus  the 
additional  costs 
of  permitting, 
setting  up,  and 
maintaining  the 
recirculation 
system. 

Less  cost  and 
energy  is 
needed  to 
conduct  pump 
test,  compared 
with  SSP. 
However,  field 
labor  is  needed 
to  collect 
hydraulic 
conductivity 
data  and 
calculate  mass 
flux  compared 
with  SSP. 

Similar  to  IPT 
and  SSP. 
Hydraulic 
conductivity 
data  are  not 
needed  to 
estimate  mass 
flux.  More 
labor  is 
required  to 
estimate  mass 
flux;  however, 
less  staff  time  is 
needed  in  the 
field  compared 
with  SSP. 
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5.5.  Summary 


Contaminant  mass  flux  is  a  measure  of  the  amount  of  dissolved  contaminant  mass  flowing  in  a 
dissolved  plume  through  a  hypothetical  transect  oriented  perpendicular  to  the  plume  axis  per  unit 
time  and  per  unit  cross  sectional  area  of  the  transect.  Integrations  of  local  mass  fluxes  can  be 
performed  mathematically  or  physically  (e.g.,  by  pumping),  yielding  estimates  of  contaminant 
mass  discharge.  Mass  discharge  can  be  thought  of  as  the  overall  “strength”  of  the  source  area  or 
the  dissolved  plume  and  is  a  very  useful  parameter  for  evaluating  the  risk  of  the  plume  to 
downgradient  water  supply  wells  and  surface  water  bodies  from  the  migrating  plume.  Given  the 
importance  of  this  parameter  in  evaluations  of  potential  risks  to  downgradient  receptors,  many 
scientific  and  regulatory  groups  have  recommended  that  designers  of  in- situ  remediation 
programs  focus  their  efforts  on  reducing  contaminant  mass  discharge  rather  than  attempting  to 
reduce  contaminant  concentrations  ever5where  in  the  subsurface  to  low  numerical  standards.  In 
heterogeneous  geologic  media,  focusing  remediation  efforts  on  the  high  flux  zones  can  often 
result  in  significant  reductions  in  contaminant  mass  discharge.  A  significant  amount  of 
theoretical,  laboratory,  and  field  research  is  now  being  undertaken  to  better  understand  and 
predict  the  relationship  between  source  zone  remediation  and  plume  response. 

There  are  several  field  methods  for  measuring  contaminant  mass  flux  and  mass  discharge.  They 
can  generally  be  grouped  into  (1)  point  measurements  (e.g.,  synoptic  point  measurements  and 
PFMs)  and  (2)  pumping  methods  (SSPs,  RFMs,  IPTs  and  MIPTs).  Point  methods  are 
conceptually  easy  to  understand  and  generally  simpler  to  implement  than  pumping  methods.  An 
advantage  of  point  measurements  is  that  they  typically  provide  more  information  on  the  spatial 
distribution  of  local  mass  fluxes  than  pumping  methods,  especially  if  depth-discrete  samples  are 
collected.  Knowledge  of  the  spatial  distribution  of  high- flux  zones  is  crucial  if  those  zones  are  to 
be  targeted  for  treatment  during  subsequent  phases  of  work.  PFMs  have  an  advantage  over 
synoptic  point  measurements  in  that  independent  estimates  of  Darcy  flux  are  not  needed;  this 
avoids  the  typical  inaccuracies  associated  with  estimating  hydraulic  conductivity. 

Pumping  methods  are  typically  more  difficult  to  design  and  implement,  and  have  not  been 
performed  as  widely  as  the  point  measurement  methods.  However,  they  have  the  advantage  over 
point  measurements  in  that  they  physically  integrate  contaminants  extracted  from  the  dissolved 
plume,  reducing  the  number  of  sampling  points  needed  to  make  an  accurate  measurement. 
Methods  for  measuring  mass  flux  and  mass  discharge  are  actively  evolving.  This  is  particularly 
true  for  pumping  methods.  IPTs  were  developed  by  researchers  in  Germany  and  provide 
information  about  the  approximate  depth-averaged  concentration  of  the  target  contaminant  in  the 
aquifer  surrounding  an  extraction  well.  The  average  concentration  is  multiplied  by  the  Darcy  flux 
in  order  to  calculate  mass  flux  and  mass  discharge.  Values  of  Darcy  flux  are  estimated  using 
conventional  methods  (e.g.,  multiplying  hydraulic  conductivity  by  hydraulic  gradient),  which  is  a 
limitation  of  this  method. 

MIPTs,  on  the  other  hand,  use  a  more  sophisticated  analytical  solution  to  calculate  Darcy  flux 
from  hydraulic  pumping  tests,  but  rely  on  simplifying  assumptions  about  the  average  solute 
concentration  in  the  aquifer  in  the  test  zone  based  on  water  quality  samples  collected  during  the 
pumping  test.  SSPs  are  analogous  to  pumping  systems  used  for  pump-and-treat  remediation. 

They  are  conceptually  simple  and  may  be  the  most  accurate  of  the  measurement  methods  since 
mass  discharge  is  simply  the  product  of  the  bulk  extraction  rate  and  solute  concentration  in  the 
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combined  effluent.  It  is  unelear  whether  SSPs  are  practical  at  many  sites,  however,  since  the  time 
it  takes  to  reaeh  steady-state  conditions  may  be  substantial.  This  eould  create  a  large  volume  of 
contaminated  water  requiring  treatment  and/or  disposal.  The  spaeing  of  extraction  wells  ean  be 
reduced  to  minimize  the  time  necessary  to  reaeh  steady-state  eonditions,  and  a  phased  program 
of  “stepping  up”  the  extraetion  rate  inerementally  may  optimize  this  method.  Existing  pump-and- 
treat  systems  that  fully  eapture  dissolved  plumes  are,  in  effect,  SSP  monitoring  systems. 
Monitoring  those  systems  while  in-situ  treatment  of  souree  zones  is  undertaken  ean  yield 
important  flux-based  performanee  monitoring  data. 

RFMs  are  the  newest  pumping  method  to  be  developed,  and  have  the  advantage  that  there  is  no 
net  extraetion  of  groundwater,  thus  eliminating  the  need  for  expensive  treatment  and/or  disposal; 
however,  recirculation  is  still  energy-intensive  and  the  benefits/drawbacks  of  contaminant 
mixing  in  groundwater  from  REM  system  operation  will  need  to  be  evaluated. 

With  all  of  the  mass  discharge  methods,  it  is  important  to  have  the  plume  boundaries  well- 
defined,  both  laterally  and  vertically,  to  ensure  that  the  mass  discharge  in  the  entire  plume  is 
measured.  In  addition,  there  is  a  signifieant  advantage  to  “pre-eharaeterizing”  the  subsurface 
geology  and  solute  distribution  along  the  transeets  prior  to  designing  the  mass  flux/mass 
discharge  monitoring  program.  This  ean  be  done  quiekly  and  economically  at  many  sites  using 
DP  probing  equipment  (e.g.,  CPT  and  membrane  interfaee  probes).  The  primary  goal  of  this  pre¬ 
characterization  program  is  to  identify  the  loeations  of  the  high  mass  flux  zones  to  ensure  that 
those  zones  are  targeted  for  the  subsequent  quantitative  mass  flux  measurements. 

Mass  flux  and  mass  discharge  measurements  are  rapidly  beeoming  ineorporated  into  various 
protoeols  being  developed  by  regulatory  agencies  and  industry  groups.  Mass  flux/mass  diseharge 
frameworks  for  risk  evaluations  and  remediation  performanee  monitoring  have  been  published 
by  USEPA,  ITRC,  and  regulatory  agencies  in  the  state  of  Washington;  the  provinee  of  British 
Columbia,  Canada;  and  Australia.  There  is  also  a  program  of  “emission-based”  site  assessments 
and  remediation  of  industrial  “mega-sites”  being  undertaken  in  Europe.  While  there  has  been  a 
remarkable  amount  of  activity  in  the  last  decade  developing  and  testing  various  methods  of 
measuring  mass  flux  and  mass  diseharge,  it  is  safe  to  say  that  further  refinements  to  existing 
methods  -  and  perhaps  development  of  new  innovative  methods  to  measuring  these  important 
parameters  -  lie  ahead. 
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6.0  COMPOUND  SPECIFIC  ISOTOPE  ANALYSIS 


CSIA  is  the  fourth  innovative  diagnostic  tool  addressed  in  this  study,  as  introduced  in  Section 
2.0.  CSIA  is  an  analytical  technique  used  to  generate  an  isotopic  signature  or  ratio  for  different 
compounds.  CSIA  applications  are  gaining  acceptance  for  use  at  chlorinated  solvent  sites, 
complementing  traditional  site  investigation  and  remediation  performance  monitoring 
techniques.  To  date,  CSIA  has  been  applied  most  frequently  to  carbon  isotopes,  and  CSIA  for 
carbon  isotopes  can  be  considered  a  mature  technology.  CSIA  for  other  compounds  of  interest  at 
chlorinated  solvent  sites  (e.g.,  hydrogen,  oxygen,  chlorine)  has  not  been  performed  to  the  same 
extent  as  for  carbon;  however,  this  is  a  topic  of  active  research  and  shows  promise  for  future  use 
at  chlorinated  solvent  sites  (USEPA,  2008;  Abe  et  al.,  2009).  This  section  provides  an  overview 
of  CSIA  as  a  diagnostic  tool  at  chlorinated  solvent  sites  during  site  characterization,  performance 
assessment  during  active  remediation,  process  optimization,  and  long-term  monitoring  efforts. 
We  focus  on  CSIA  for  carbon  because  it  is  the  most  common  element  analyzed  for  isotope  ratios 
at  chlorinated  solvent  sites.  In  this  project,  CSIA  was  applied  at  Fort  Lewis  and  the  Watervliet 
Arsenal  to  analyze  the  extent  of  chlorinated  solvent  degradation  by  reductive  dehalogenation  and 
in-situ  chemical  oxidation,  respectively. 

6.1.  Description  of  Compound  Specific  Isotope  Analysis 

6.1.1.  Introduction  to  Stable  Isotopes 

Isotopes  are  atoms  of  the  same  element  that  have  the  same  number  of  protons  (i.e.,  identical 
atomic  number)  but  different  numbers  of  neutrons  (i.e.,  different  atomic  masses).  The  sum  of  the 
number  of  protons  and  neutrons  in  an  atom  defines  the  atomic  mass  and  is  denoted  by  a 
superscripted  number  to  the  left  of  the  chemical  symbol.  For  instance,  all  carbon  atoms  contain 
six  protons,  but  may  contain  six,  seven,  or  eight  neutrons  (*^C  (carbon-12),  '^C  (carbon-13),  and 
'"^C  (carbon-14),  respectively).  Stable  isotopes  remain  unchanged  under  most  conditions,  while 
radioactive  isotopes  undergo  radioactive  decay. 

The  relative  amounts  of  the  individual  isotope  species  in  each  element,  expressed  in  percent,  are 
called  isotopic  abundances.  For  instance,  approximately  98.9%  of  carbon  on  Earth  is  '^C,  1.11% 
is  '^C,  and  which  is  a  radioactive  isotope  of  carbon,  occurs  in  trace  amounts.  In  most  stable 
isotope  applications,  investigators  are  interested  in  the  ratio  of  isotopes  of  an  element  in  a 
sample.  Typically,  abundances  are  expressed  as  the  ratio  of  the  less  abundant  or  “rare”  isotope  to 
the  more  abundant  isotope.  For  carbon,  it  is  the  ratio  of  C  to  C  (i.e.,  C/  C),  which  results  in 
a  ratio  of  approximately  0.01 12. 

Measuring  absolute  isotopic  ratio  or  abundance  is  difficult  and  could  lead  to  problems  in 
comparing  data  sets  from  different  laboratories  (Clark  and  Fritz,  1997).  Therefore,  stable 
isotopes  are  typically  reported  as  the  ratio  of  two  isotopes  of  an  element  in  a  sample  relative  to 
the  ratio  of  two  isotopes  of  an  established  reference  standard.  This  is  expressed  using  the  delta 
(d)  notation  as  follows: 

5 Csampie  =  ^  X  1 QOO  (%o  or  per  mil)  (Equation  6- 1 ) 

V  reference 
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This  can  be  simplified  as  follows: 


j )  x  IQOO  (%o  or  per  mil)  (Equation  6-2) 

^reference 

where 

‘^c 

R  ^  [t2^]  (Equation  6-3) 


For  carbon,  the  reference  is  the  Vienna  -  PeeDee  Belemnite  reference  standard  (V-PDB). 

Since  variations  in  isotopic  abundances  are  typically  very  small,  the  relative  ratios  are  expressed 
in  parts  per  thousand,  or  per  mil  (%o).  Negative  d  values  indicate  that  the  sample  has  less  of  the 
rare  isotope  relative  to  the  standard,  so  the  sample  is  depleted  relative  to  or  “lighter”  than  the 
standard.  Positive  d  values  indicate  that  the  sample  has  more  of  the  rare  isotope  relative  to  the 
standard,  so  the  sample  is  enriched  relative  to,  or  is  “heavier”  than  the  standard. 


6, 1. 2.  Stable  Isotope  Fractionation 

The  ratio  of  stable  carbon  isotopes  in  a  compound  may  change  due  to  physical  or  chemical 
processes.  This  change  in  the  ratio  of  stable  isotopes  is  known  as  fractionation,  and  it  occurs  due 
to  differences  in  the  rates  of  reaction  for  different  molecular  species.  Heavier  isotopes  react  more 
slowly  because  the  reaction  rate  and/or  dissociation  energy  for  heavy  and  light  isotopes  of  a 
molecule  differ  (Sueker,  2001).  The  result  is  that  as  the  reaction  proceeds,  the  reactant  that 
remains  has  a  progressively  higher  content  of  the  heavy  isotope  since  the  molecules  containing 
the  light  isotope  have  reacted  more  quickly  to  form  the  product,  compared  to  those  containing 
the  heavier  isotope.  This  phenomenon  may  be  expressed  by  the  fractionation  factor,  alpha  (a), 
which  is  the  ratio  of  the  isotope  ratios  for  the  reactant  and  product  (Clark  &  Fritz,  1997): 


a  = 


^reactant 

^product 


(Equation  6-4) 


The  value  of  alpha  is  typically  close  to  one.  Isotope  fractionation  may  also  be  expressed  in  terms 
of  an  enrichment  factor,  e,  which  is  defined  as  follows  (Sueker,  2001): 


e  =  1000  *  (a  -  1)  (%o)  (Equation  6-5) 

The  larger  the  fractionation  during  the  reaction,  the  more  negative  the  corresponding  value  of 
epsilon,  the  enrichment  factor. 


Stable  isotope  fractionation  may  be  modeled  using  the  Rayleigh  equation.  The  Rayleigh  equation 
establishes  the  relationship  between  the  isotopic  composition  of  reactant  and  product  based  on 
the  fractionation  factor  (a)  and  the  change  in  concentration  of  the  substrate.  The  general  form  of 
the  Rayleigh  equation  states  that  the  isotope  ratio  at  time  t,  R,  in  a  diminishing  reservoir  of  the 
reactant,  is  a  function  of  its  initial  isotopic  ratio,  Rq,  the  remaining  fraction  of  that  reservoir,/, 
and  the  equilibrium  fractionation  factor  for  the  reaction  as  follows: 

R  =  Ro  or  R/  Ro  (Equation  6-6) 
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Experimentally,  the  fractionation  factor  (a)  is  determined  by  plotting  In  (/)  versus  ln(R/Ro)  and 
determining  the  slope  of  the  linear  regression,  which  is  (a-  1).  The  Rayleigh  model  is  not  directly 
applicable  to  compounds  which  are  simultaneously  being  formed  and  degraded,  such  as  cis-DCE 
or  vinyl  chloride  (VC)  in  the  sequential  biodegradation  of  TCE  (although  it  would  be  applicable 
to  the  parent  TCE  compound). 

For  chlorinated  hydrocarbons,  nondegradative  processes  (e.g.,  volatilization,  dissolution, 
sorption)  have  been  found  to  be  non-fractionating  under  equilibrium  conditions  (i.e.,  the  isotope 
ratio  has  been  found  to  remain  unchanged  via  CSIA)  (USEPA,  2008).  Therefore,  isotope 
fractionation  makes  CSIA  a  useful  technique  to  distinguish  between  concentration  decreases  due 
to  degradative  versus  nondegradative  processes. 

6.1.3.  Compound  Specific  Isotope  Analysis  Applications  at  Chlorinated  Solvent  Sites 

The  understanding  that  certain  processes  that  change  contaminant  concentrations  also  produce 
changes  in  isotopic  signatures,  while  other  processes  do  not,  has  made  CSIA  useful  as  a 
diagnostic  tool  during  site  characterization  and  remediation  of  chlorinated  solvent  sites.  Table  6 
1  lists  potential  uses  of  CSIA  during  site  characterization,  active  remediation,  and  long-term 
monitoring  for  chlorinated  solvent  sites.  Each  is  discussed  in  further  detail  following  the  table. 

Table  6-1.  Compound  Specific  Isotope  Analysis  Applications  at  Chlorinated  Solvent  Sites 


Site  Characterization 

Active  Remediation 

Long-Term  Monitoring 

Goal 

Improve  CSM 

Improve  remedy  design  and 
application 

Improve  performance 
assessment  and 
accelerate  site  closure 

CSIA  Applications 

•  Baseline  CSIA 
measurements  prior  to  active 
remediation  and/or  long-term 
monitoring 

•  Forensics  application  - 
source  differentiation 

•  Qualitative  and/or 
quantitative  evidence  for 
biodegradation,  including 
MNA,  to  guide  decisions  on 
selection  of  remediation 
strategy 

•  Contaminant  fate  and 
transport  numerical  modeling 

•  Qualitative  and/or 
quantitative  evidence  for 
biodegradation  during 
remedy  application, 
including  evidence  for 
MNA 

•  Qualitative  and/or 
quantitative  evidence  for 
abiotic  degradation 
during  remedy 
application  (e.g., 
degradation  versus 
dilution) 

•  Mechanism  of  biological 
degradation  of 
chlorinated  solvents 

•  Monitoring  progress 
of  biological  or 
abiotic  degradation 

•  Measurement  of 
potential  rebound 
effects  after 
completion  of  an 
active  remedy 

84 


Site  Characterization 


The  primary  goal  of  using  CSIA  at  a  chlorinated  solvent  site  during  the  site  characterization 
phase  is  to  improve  the  CSM.  Although  CSIA  cannot  replace  rigorous  hydrogeological  and 
geochemical  characterization,  it  can  provide  data  that  are  not  attainable  using  other  techniques. 
CSIA  can  provide  insight  into  both  source  identification  and  degradation  processes  (USEPA, 
2008). 

Baseline  CSIA  Measurement 


The  determination  of  whether  CSIA  would  be  a  useful  tool  at  a  chlorinated  solvent  site  requires 
collection  of  baseline  samples  to  obtain  a  preliminary  understanding  of  fractionation  behavior  in 
contaminants  at  the  site.  Prior  to  performing  CSIA,  the  contaminant  concentrations  should  be 
analyzed  using  conventional  methods  to  ensure  that  the  CSIA  analytical  techniques  will  provide 
adequate  sensitivity.  Section  2  in  USEPA  (2008)  provides  a  detailed  discussion  of  laboratory 
procedures  for  CSIA. 

A  minimum  of  two  baseline  sampling  events  are  recommended  for  sites  with  heterogeneous 
geology  or  variable  plumes  to  ensure  reproducibility  of  the  CSIA  data.  Spatial  variability  of 
contaminant  distributions  may  necessitate  a  larger  number  of  baseline  sampling  events,  however. 
The  baseline  CSIA  data  serve  as  a  benchmark  against  which  to  compare  future  data  (i.e.,  during 
active  remediation  and/or  longer-term  monitoring),  and  the  baseline  CSIA  data  may  be  used  to 
improve  the  site  CSM  as  discussed  below. 

Forensics  -  Source  Discrimination 


CSIA  may  be  used  as  a  forensic  tool  to  discriminate  between  various  potential  sources  of 
chlorinated  solvents.  Chlorinated  ethenes  often  migrate  over  extended  distances  in  aquifers  and 
may  originate  from  different  sources.  CSIA  of  chlorinated  solvents  may  be  used  to  distinguish 
between  different  DNAPL  sources  and  to  associate  plumes  with  their  particular  sources.  This 
method  relies  on  the  observation  that  d  C,  as  well  as  other  stable  isotopes,  vary  for  solvents 
produced  by  different  manufacturers  and,  to  a  lesser  degree,  different  production  batches  by  the 
same  manufacturer  (Hunkeler  et  ah,  2004).  Therefore,  this  technique  works  best  when  there  are 
multiple  sources  of  the  same  groundwater  contaminants  and  also  at  sites  with  little  fractionation 
(i.e.,  slow  degradation).  To  avoid  confounding  effects  from  isotope  fractionation  due  to 
biodegradation,  it  is  best  to  collect  samples  from  the  original  NAPE  sources,  or  groundwater 
samples  from  as  close  as  possible  to  the  source  of  each  spill.  Chapter  6  of  USEPA  (2008) 
provides  a  detailed  sampling  strategy  for  the  use  of  CSIA  to  evaluate  sources  of  groundwater 
contamination.  Data  on  the  variation  in  the  isotope  ratios  of  carbon  and  chlorine  in  chlorinated 
solvents  and  chlorinated  production  chemicals  are  also  summarized  in  USEPA  (2008). 

Qualitative  and  Quantitative  Evidence  for  Degradation 

For  parent  molecules  (i.e.,  the  material  that  was  initially  released  -  typically  PCE  or  TCE),  the 
observation  of  carbon  isotope  fractionation  provides  qualitative  evidence  for  degradation.  For  the 
daughter  products  (i.e.,  the  compounds  that  are  produced  through  degradation  of  the  parent 
molecules),  fractionation  alone  does  not  prove  degradation  because  the  daughter  products 
become  enriched  in  carbon  as  the  parent  becomes  enriched.  If  the  daughter  product  does  not 
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degrade,  its  d  C  cannot  exceed  the  parent’s  primary  isotope  signature,  which  is  the  carbon 
isotopic  ratio  of  the  source  material  prior  to  fractionation  by  biodegradation  or  abiotic 
transformations  (i.e.,  d'^Csource)-  If  the  daughter  product  also  degrades,  then  the  lighter  carbon 
isotope  will  be  reacting  at  the  same  time  as  the  daughter  product  is  being  produced,  allowing  the 
d'^C  of  the  daughter  to  exceed  that  of  the  parent.  Therefore,  for  chlorinated  solvent  daughter 
products,  a  carbon  isotope  ratio  heavier  than  the  primary  isotope  signature  of  the  parent  product 
is  evidence  that  the  daughter  product  is  also  degrading  (see  Figure  6-1). 


Figure  6-1.  Compound  Specific  Isotope  Analysis  and  Degradation 
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Another  application  for  collecting  samples  for  CSIA  during  site  characterization  is  to  quantify 
the  extent  of  degradation  that  has  already  occurred  in  different  parts  of  a  solvent  plume  using  the 
Rayleigh  model  presented  above  (Equation  6-6).  This  first  requires  determination  of  the  primary 
isotope  signature  (i.e.,  d'^Csource)-  The  primary  isotope  value  may  then  be  used  in  conjunction 
with  an  appropriate  enrichment  factor  to  estimate  the  extent  of  degradation.  As  noted  in  USEPA 
(2008),  there  are  three  general  approaches  to  estimating  d  Csource: 

1 .  Where  samples  of  the  actual  spilled  material  are  not  available,  make  an  assumption  for 
d  Csource  based  on  published  literature  values  for  undegraded  pure  product. 

2.  Because  degradation  induces  a  positive  d*^C  shift  of  the  residual  compound,  use  the  most 
negative  value  measured  in  groundwater  at  the  site  for  the  solvent  of  interest  as  an 
estimate  of  the  original  value  of  d' ^Csource- 

3.  Estimate  d  Csource  based  on  point-to-point  or  time-to-time  comparisons  of  the  relative 
amount  of  degradation  between  wells,  or  in  a  given  well  over  time.  This  approach 
requires  a  solid  hydrogeological  and  geochemical  understanding  of  the  site. 

Selection  of  an  appropriate  enrichment  factor  depends  upon  understanding  the  site-specific 
geochemical  parameters  influencing  degradation  pathways.  Table  8.1  in  USEPA  (2008)  provides 
a  comprehensive  listing  of  biodegradation  enrichment  values  published  in  the  literature, 
organized  by  compound  of  interest,  redox  condition,  and  microbial  consortium.  Because  there  is 
variation  in  published  enrichment  factors,  a  conservative  approach  is  to  select  the  largest 
enrichment  factor  (i.e.,  most  negative  value)  in  the  literature.  Alternatively,  there  are  statistical 
methods  that  may  be  used  to  calculate  the  mean  and  the  standard  deviation  of  the  enrichment 
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factors  (and  associated  errors)  and  to  place  upper  and  lower  bounds  on  the  extent  of 
biodegradation.  The  reader  is  directed  to  USEPA  (2008)  for  a  detailed  discussion  regarding 
selection  and  estimation  of  appropriate  enrichment  factors. 

Numerical  Modeling 

At  many  chlorinated  solvent  sites,  mathematical  models  are  used  to  simulate  contaminant 
transport  in  three  dimensions  to  enhance  the  CSM.  These  models  incorporate  not  only  the 
physical  characteristics  of  groundwater  flow,  but  also  the  reactive  processes  of  biodegradation  or 
abiotic  transformation.  These  reactive  processes  result  in  fractionation  of  carbon  isotopes,  and 
thus  CSIA  measurements  may  be  used  as  a  check  on  the  model  calibration  and  predicted 
outcomes  because  the  extent  of  degradation  calculated  with  CSIA  is  independent  of  the 
concentration  of  the  contaminant.  Several  initial  models  have  been  developed  by  researchers  to 
investigate  fundamental  characteristics  of  CSIA,  such  as  variability  of  enrichment  factors  and 
prediction  of  enrichment  factors  for  sequential  dechlorination  reactions  (van  Breukelen  et  al., 
2005;  Morrill  et  al.,  2006).  These  models  have  been  applied  in  one-dimensional  batch  or  column 
experiments.  As  the  relationship  between  laboratory-derived  and  field-observed  enrichment 
factors  becomes  better  understood,  it  is  feasible  that  isotope  constraints  could  be  incorporated 
into  three-dimensional  reactive  transport  models. 

Active  Remediation 

CSIA  data  may  be  used  during  active  remediation  to  confirm  that  the  desired  performance 
outcomes  for  the  remedy  are  being  achieved.  CSIA  is  applicable  for  process  and  performance 
assessment  of  remedial  technologies  that  are  designed  to  transform  the  contaminants  of  interest, 
including  enhanced  in-situ  bioremediation  and  abiotic  in-situ  technologies,  as  well  as  MNA. 
CSIA  is  also  useful  in  providing  information  regarding  the  mechanisms  and  rate  of  degradation, 
which  can  be  used  to  ascertain  whether  a  remedy  is  performing  as  desired. 

Demonstration  of  MNA 


Demonstration  that  a  chlorinated  solvent  is  actually  being  degraded,  and  the  rate  at  which  it  is 
being  degraded,  is  important  for  performance  monitoring  during  MNA.  Degradation  rate 
constants  at  field  scale  may  be  estimated  using  the  calculated  extent  of  degradation  (Equation  6- 
6)  together  with  assumptions  about  groundwater  flow  rates  and  flow  paths.  Equations  that  may 
be  used  to  derive  a  first-order  degradation  rate  constant  between  two  monitoring  points  along  a 
flow  path  are  derived  in  Section  7.4  of  USEPA  (2008).  The  CSIA  data  may  be  used  to  test  the 
hypothesis  that  contaminant  concentration  decreases  are  due  to  biodegradation  or  abiotic 
transformation,  and  the  data  may  also  be  used  to  extrapolate  the  degradation  that  would  be 
expected  further  along  a  flow  path  (USEPA,  2008).  Calculated  first-order  rate  constants  may  be 
incorporated  into  three-dimensional  numerical  models. 

Contaminant  Degradation  versus  Dilution 

Many  in-situ  remedies  at  chlorinated  solvent  sites  involve  injection  of  a  substrate  into  the 
subsurface  to  reduce  contaminant  concentrations.  The  application  of  the  substrate  results  in 
displacement  of  groundwater  around  the  application  point,  and  often  raises  concerns  about 
whether  observed  effects  are  due  to  displacement  of  contaminants  rather  than  degradation.  This 
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is  especially  a  concern  for  fractured  bedrock  systems  that  have  limited  porosity  and  thus 
essentially  no  storage,  and  where  the  introduction  of  an  artificial  hydraulic  gradient  through 
substrate  injection  will  cause  a  large  change  in  the  natural  flow  regime,  and  also  for  areas  where 
sensitive  receptors  are  nearby.  CSIA  may  be  used  to  determine  whether  contaminant  degradation 
is  occurring,  as  opposed  to  displacement  or  dilution.  Contaminant  degradation  is  confirmed  when 
enrichment  in  d*^C  is  measured,  as  discussed  above. 

van  Breukelen  (2007)  modified  the  Rayleigh  equation  to  account  for  dilution  under  open-system 
field  conditions,  van  Breukelen  (2007)  concluded  that  isotopic  enrichment  factors  derived  from 
field  observations  underestimate  the  true  values  as  a  consequence  of  dilution.  The  derived 
equations  provide  a  check  on  the  upper  (i.e.,  least  negative)  limit  of  the  selected  enrichment 
factor,  thereby  resulting  in  a  more  conservative  and  reliable  prediction  on  the  extent  of 
degradation. 

Evaluation  of  Mechanisms  for  Biodegradation 

During  reductive  dechlorination  of  chlorinated  solvents,  mass  balance  between  parent 
compounds  (e.g.,  PCE  and  TCE)  and  reductive  daughter  products  (e.g.,  ethene)  is  often  not 
observed  in  groundwater  samples,  which  leads  to  concerns  regarding  the  actual  fate  of  the 
contaminants.  Also,  at  sites  with  mixtures  of  chlorinated  ethenes  and  chlorinated  ethanes,  similar 
degradation  products  may  originate  from  different  primary  compounds.  CSIA  may  be  used  as  a 
tool  to  specifically  evaluate  the  mechanisms  for  contaminant  concentration  reductions  (Song  et 
al.,  2002;  Hunkeler  et  al.,  2005). 

Song  et  al.  (2002)  used  CSIA  to  investigate  the  potential  of  using  lactate  to  enhance  in-situ 
microbial  degradation  of  TCE.  The  CSIA  data  were  used  to  distinguish  between  the  effects  of 
groundwater  transport,  dissolution  of  DNAPL,  and  the  effects  of  enhanced  bioremediation.  The 
CSIA  data  demonstrated  complete  transformation  of  dissolved  TCE  to  ethene,  validating  the 
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selected  remedy.  Over  time,  the  d  C  of  ethene  in  the  well  where  organic  acids  were  detected 
reached  the  d*^C  of  the  original  TCE,  confirming  that  complete  reductive  dechlorination  was 
occurring.  This  study  also  demonstrated  the  t-DCE  that  was  present  at  the  source  area  did  not 
degrade;  concentration  and  d'^C  values  of  t-DCE  did  not  decrease. 
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Hunkeler  et  al.  (2005)  used  CSIA  to  evaluate  degradation  mechanisms  at  a  former  waste  disposal 
site  where  14  different  chlorinated  ethenes,  ethanes,  and  methanes  were  detected.  The  CSIA  data 
indicated  that  TCE  initially  thought  to  be  present  as  a  source  product  and/or  a  PCE 
dechlorination  daughter  product  was  actually  attributable  to  dehydrochlorination  of  1,1,2,2-PCA. 
The  CSIA  data  also  indicated  that  VC  and  ethane  resulted  from  elimination  of  two  chlorine 
atoms  from  I,I,2-TCA  and  1,2-dichIoroethane  (DC A),  respectively,  rather  than  from  reductive 
dechlorination  of  the  chlorinated  ethenes  PCE  and  TCE.  The  CSIA  data  showed  that  chlorinated 
ethanes  and  methanes  were  undergoing  significant  intrinsic  degradation,  while  the  degradation  of 
the  chlorinated  ethenes  was  limited.  The  degradation  mechanisms  observed  in  this  study  would 
have  been  difficult  to  discern  without  the  use  of  CSIA. 

Long-Term  Monitoring 

CSIA  data  may  be  collected  after  active  remedy  application,  during  long-term  monitoring,  to 
track  the  progress  of  contaminant  degradation  via  biological  or  abiotic  processes.  The  Rayleigh 
equation  and  its  modifications,  as  outlined  above,  may  be  used  to  estimate  the  degree  of 
contaminant  degradation.  Degradation  rate  coefficients  calculated  using  CSIA  data  may  be  used 
to  estimate  the  duration  that  long-term  monitoring  will  be  required.  CSIA  data  may  also  be  used 
to  provide  information  about  contaminant  rebound  effects.  Contaminant  rebound  may  be 
identified  if  the  carbon  isotope  composition  of  the  chlorinated  compound  of  interest  trends 
toward  the  original  carbon  isotopic  signature  prior  to  treatment.  Time-series  CSIA 
measurements,  coupled  with  groundwater  flow  data,  may  also  aid  in  determining  the  location  of 
the  contaminant  reservoir  contributing  to  the  rebound. 

6.2.  Status  of  Compound  Specific  Isotope  Analysis 

6.2.1.  Applications  to  Date 

CSIA  for  chlorinated  solvents  is  a  topic  of  active  research.  Most  of  the  applications  to  date 
involve  laboratory  studies.  However,  the  number  of  field  applications  is  increasing,  since  the 
laboratory  results  for  use  of  CSIA  as  a  diagnostic  tool  are  promising.  Isodetect  (2009)  lists  six 
chlorinated  solvent  sites  where  CSIA  was  performed  successfully  to  demonstrate  natural 
attenuation.  Two  of  the  sites  are  in  Europe  and  four  are  in  North  America.  Based  on  a  literature 
review,  data  from  at  least  five  additional  chlorinated  solvent  field  studies  have  been  published. 

CSIA  was  implemented  as  a  diagnostic  tool  at  two  of  the  test  sites  evaluated  under  this  project 
(ESTCP  Project  ER-0318):  Fort  Lewis  and  Watervliet  Arsenal.  The  results  of  the  CSIA 
applications  at  these  sites  are  discussed  in  Section  8.6.1  of  this  report. 

6.2.2.  Commercial  Status  and  Cost 

Research  laboratories  at  the  University  of  Waterloo  and  at  the  University  of  Toronto  specialize  in 
compound  specific  isotope  analyses.  Microseeps  is  the  only  commercial  laboratory  in  North 
America  to  offer  CSIA.  They  currently  offer  analyses  for  various  compounds  including 
chlorinated  solvents.  The  cost  ranges  from  approximately  $300  to  $500  per  sample,  depending 
on  the  number  of  compounds  to  be  analyzed. 
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6.2.3.  Regulatory  Acceptance 

There  are  currently  no  standard  analytical  methods  for  CSIA.  Therefore,  methods  and  results  can 
be  highly  variable  among  laboratories  conducting  this  work.  It  is  important  to  use  the  same 
methods  and  laboratories  on  a  given  project  so  that  results  are  comparable.  Guidelines  to  achieve 
acceptable  data  quality  are  provided  in  Chapter  2  of  USEPA  (2008). 

Regulatory  community  awareness  and/or  acceptance  is  expected  to  increase  along  with  the 
increased  use  of  CSIA  in  field  applications  as  noted  above. 

6.3.  Applicable  Site  Settings  and  Remedial  Technologies 

The  most  important  site  condition  that  influences  the  use  of  CSIA  is  the  type  of  contaminants 
that  are  present.  CSIA  has  been  applied  most  widely  for  chlorinated  solvents  and  BTEX  and 
MTBE.  A  few  applications  of  CSIA  for  PAHs,  and  PCBs,  have  also  been  reported  (Sueker, 

2001;  USEPA,  2008).  With  current  technology,  the  heaviest  compounds  that  can  be  analyzed  for 
shifts  in  carbon  isotope  ratios  contain  twelve  to  thirteen  carbon  atoms  (USEPA,  2008). 
Application  of  CSIA  is  generally  not  influenced  by  site  geology  or  hydrologic  conditions. 

CSIA  may  be  applied  for  a  wide  variety  of  treatment  technologies  that  result  in  biological  and/or 
abiotic  contamination  degradation.  To  date,  the  majority  of  applications  have  involved 
biodegradation.  However,  several  ISCO  applications  have  been  reported,  including  ISCO  with 
Fenton’s  reagent  and  persulfate  (Ahad  and  Slater,  2008;  Marches!  et  ah,  2009),  as  well  as  ISCO 
with  permanganate,  which  was  demonstrated  at  the  Watervliet  Arsenal  (Malcolm  Pirnie  and 
University  of  Waterloo,  2010)  and  also  at  other  sites  (Poulson  and  Naraoka,  2002;  Hunkeler  et 
ah,  2003).  Theoretically,  CSIA  could  be  applied  at  any  sites  where  reactive  processes  in 
groundwater  produce  a  change  in  the  ratio  of  stable  isotopes. 

6.4.  Advantages  and  Disadvantages  Compared  with  Other  Available  Approaches 

CSIA  can  provide  unique  data  to  assist  in  site  characterization,  remediation  design,  and  long¬ 
term  monitoring.  The  advantages  of  performing  CSIA  are  as  follows: 

•  CSIA  provides  information  about  contaminant  degradation  independently  of 
concentration  data 

•  CSIA  may  be  used  to  provide  a  conservative  estimate  of  the  extent  of  degradation 
(using  the  Rayleigh  model  and  modifications  to  the  model,  as  appropriate) 

•  It  may  be  used  as  a  forensic  tool  to  help  identify  the  source  of  contamination 

•  Fractionation  factors  calculated  using  CSIA  data  may  be  used  in  numerical  fate  and 
transport  models  to  improve  the  CSM 

•  CSIA  data  may  be  used  to  elucidate  mechanisms  of  biological  degradation 
Some  of  the  drawbacks  to  using  CSIA  include  the  following: 

•  CSIA  adds  analytical  costs  to  monitoring  programs  at  chlorinated  solvent  sites 
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•  The  technique  is  generally  limited  to  smaller  molecules  (fewer  than  12  carbon  atoms) 

•  Currently,  there  is  limited  commercial  access  to  CSIA 

•  CSIA  does  not  indicate  if  degradation  is  occurring  currently.  Unless  it  is  used  during 
an  active  remedy  (e.g.,  ISCO),  the  results  may  be  indicating  historical  degradation 

•  Correct  interpretation  of  CSIA  results  requires  knowledge  of  site  geology  and 
geochemistry 

•  Currently,  CSIA  is  a  relatively  unknown  among  the  regulatory  community,  due  to  its 
relatively  low  use  to  date  in  full-scale  field  or  project  applications 

6.5.  Summary 

CSIA  provides  unique  insights  for  interpreting  and  supplementing  contaminant  fate  and  transport 
data  obtained  using  traditional,  or  other  innovative,  diagnostic  tools.  CSIA,  in  particular  for 
carbon  isotopes,  may  be  applied  during  the  site  characterization,  active  remediation,  and  long¬ 
term  monitoring  stages  of  addressing  a  chlorinated  solvent-contaminated  site.  This  tool  is 
applicable  in  a  wide  variety  of  geological  settings  and  is  appropriate  for  assessing  the 
performance  of  many  types  of  engineered  remediation  systems  that  result  in  contaminant 
degradation  and  subsequent  changes  in  the  ratios  of  stable  isotopes.  It  is  likely  that  as  CSIA 
becomes  a  more  widely  accepted  diagnostic  tool  and  as  analytical  instruments  and  methods  are 
improved,  new  applications  of  CSIA  will  be  developed  to  allow  practitioners  to  gain  a  better 
understanding  of  the  source,  distribution,  and  behavior  of  chlorinated  solvents. 
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7.0  MOLECULAR  BIOLOGICAL  TOOLS 


As  introduced  in  Section  2.0,  MBTs  are  the  fifth  set  of  innovative  diagnostic  tools  addressed  in 
this  study.  MBTs  include  a  suite  of  innovative  assays  targeting  biomolecules  such  as  nucleic 
acids  (deoxyribonucleic  acid  (DNA)  and  ribonucleic  acid  (RNA)),  lipids,  and  proteins,  as  well  as 
isotopes  to  provide  evidence  regarding  the  composition  and/or  activity  of  microbial 
communities.  These  assays  can  have  significant  utility  in  remediation  applications  that  rely  on 
biological  degradation  mechanisms  to  attenuate  contaminants.  MBTs  provide  a  way  to 
understand  growth  and  activity  of  contaminant-degrading  microbes  to  determine  if 
environmental  conditions  are  suitable  to  achieve  desired  biodegradation  processes  (i.e.,  MNA), 
or  whether  manipulation  of  the  aquifer  environment  (i.e.,  biostimulation)  and/or  addition  of 
desired  microorganisms  (i.e.,  bioaugmentation)  is  required  to  optimize  conditions  that  facilitate 
contaminant  biodegradation.  In  addition,  MBTs  can  be  used  to  understand  biological  processes 
that  contribute  to  secondary  water  quality  issues,  such  as  the  production  of  methane  or  reduction 
and  dissolution  of  metals. 

7.1.  Background  on  Molecular  Biological  Tools 

Use  of  MBTs  has  increased  substantially  due  to  recognition  of  their  value  to  improve  design, 
implementation,  performance  evaluation,  and  optimization  of  remediation  technologies, 
especially  when  biological  degradation  mechanisms  are  the  focus  of  the  treatment,  as  discussed 
in  the  SERDP/ESTCP  workshop  on  MBTs  (Leeson  et  ah,  2005;  Stroo  et  ah,  2006).  One 
particular  application  where  enough  MBT-based  data  have  been  generated  to  evaluate  their 
utility  is  in-situ  bioremediation  for  chlorinated  solvents,  and  chlorinated  ethenes  in  particular. 
Chlorinated  solvents  represent  a  particular  challenge  for  cost-effective  remediation  due  to  their 
complex  physical  and  chemical  properties  and  their  persistence  once  they  have  been  released 
into  the  environment.  Enhanced  in-situ  bioremediation  is  a  low-cost  alternative  that  has  been 
extensively  evaluated  for  dissolved-phase  chlorinated  solvent  groundwater  contamination 
(AFCEE,  2004),  and  has  recently  been  considered  a  feasible  technology  for  sites  containing 
DNAPLs  (ITRC,  2007;  ITRC,  2005). 

In  addition,  a  survey  of  DNAPL  remediation  technologies  suggested  that  enhanced 
bioremediation  may  be  a  more  cost-effective  remedy  compared  to  other  aggressive  treatments 
such  as  chemical  oxidation,  surfactant/cosolvent  flushing,  and  thermal  remediation  (McDade  et 
ah,  2005;  McGuire  et  al,  2006).  The  implementation  of  bioremediation,  however,  can  be  difficult 
due  to  the  complex  and  specific  requirements  necessary  to  achieve  chlorinated  solvent 
biodegradation  (ITRC,  2007).  In  addition,  byproducts  of  bioremediation,  such  as  methane 
formation,  increases  in  concentrations  of  dissolved  metals,  and  generation  of  secondary  water 
quality  impacts,  must  also  be  considered  (AFCEE,  2004).  Therefore,  tools  that  evaluate  the 
presence  and  activity  of  important  microbial  populations  and/or  processes  can  potentially  be  very 
useful.  MBTs,  however,  also  have  significant  limitations,  and  care  must  be  taken  not  to  over¬ 
interpret  results  and  to  understand  the  caveats  for  the  data  that  are  generated.  In  addition,  it  may 
be  unnecessary  to  generate  MBT  data  in  some  instances.  The  goal  of  this  document  is  to  provide 
an  overview  of  the  state  of  the  practice  of  MBTs  for  chlorinated  solvent  applications  and  to 
discuss  the  utility  and  value  of  integrating  MBTs  into  bioremediation  remediation  design  and 
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implementation.  An  overview  of  important  biological  remediation  processes  is  provided  in 
Appendix  C. 

7.2.  Principles  of  Molecular  Biological  Tools 

Generally,  MBTs  using  gene-based  approaches  target  DNA,  which  is  the  genetic  template  from 
which  all  biological  molecules  are  derived.  DNA  is  transcribed  into  RNA  when  the 
microorganisms  are  metabolically  active.  RNA  is  then  translated  during  synthesis  of  proteins 
(e.g.,  enzymes),  which  carry  out  metabolic  processes  for  the  microorganisms,  such  as  production 
of  lipids.  MBTs  can  be  used  for  qualitative  descriptions,  and,  in  some  cases,  quantitative 
estimates  of  DNA,  RNA,  proteins,  or  lipids.  These  targets  dictate  whether  the  assays  are  focused 
on  identification  of  the  presence  of  a  capability,  or  on  assessment  of  activity  within  a  system. 

The  closer  the  MBT  is  to  assessing  the  functions  of  interest,  the  more  can  be  said  about  whether 
the  desired  function  is  actually  occurring  in  the  environment.  Figure  7-1  illustrates  the 
relationship  between  MBTs  and  activity. 

Figure  7-1.  Hierarchy  of  Relationship  between  Molecular  Biological  Tools  and  the  Activity 

of  Interest,  Biological  Degradation 


(modified  from  M.E.  Watwood) 
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7.2.1.  Gene-Based  Analyses 

Gene-based  MBTs  target  either  DNA  or  RNA  that  provide  specific  signatures  that  identify  either 
a  population  (e.g.,  16S  ribosomal  RNA  (rRNA)  gene  specific  to  Dehalococcoides  spp.)  of 
interest  or  a  biological  function  of  interest  (e.g.,  targeting  functional  genes  that  encode  for  the 
specific  enzymes  involved  in  halorespiration).  In  general,  DNA-based  methods  are  used  to  detect 
the  presence  of  an  organism  or  capability  as  an  indication  of  the  potential  for  a  specific  process 
of  interest.  DNA-based  approaches  can  be  qualitative  (e.g.,  polymerase  chain  reaction  (PCR))  or 
quantitative/semi-quantitative  (e.g.,  quantitative  PCR  (qPCR)).  If  quantitative,  the  assays  can 
provide  information  regarding  the  relative  abundance  of  different  populations  or  fate  of  the  gene 
target  over  time.  However,  individual  DNA-based  MBTs  employed  at  a  specific  point  in  time  do 
not  reveal  whether  specific  microbial  populations  are  active.  To  determine  activity,  a  similar 
suite  of  MBTs  can  be  employed,  but  they  target  expression  of  specific  genes  (RNA)  or  enzymes 
known  to  contribute  to  biodegradation.  Because  RNA  and  enzymes  are  short-lived  in  a  cell,  their 
expression  indicates  that  the  microbes  are  actively  performing  a  given  function. 

Polymerase  Chain  Reaction 

PCR  is  the  basis  for  most  gene-based  MBTs.  PCR  entails  the  selective  targeting  of  a  region  of 
DNA  and  amplifying  that  region  exponentially.  This  allows  for  generation  of  sufficient 
quantities  of  the  desired  target  such  that  it  can  be  observed  using  various  techniques.  PCR  relies 
on  a  series  of  steps  that  mimic  a  microorganism’s  own  mechanisms  for  replicating  DNA.  The 
specificity  of  the  PCR  reaction  is  dependent  on  DNA  primers  that  are  used  to  identify  which 
region  of  DNA  to  amplify.  Primers  can  be  designed  to  target  regions  of  DNA  that  are  more 
conserved  between  microorganisms,  thus  amplifying  large  numbers  of  organisms.  The  16S 
rRNA  gene  is  frequently  targeted  for  comparative  analysis  of  evolutionary  distance  among 
bacteria,  because  it  is  present  in  bacteria,  has  the  same  function  in  all  bacteria,  can  easily  be 
aligned  for  comparison,  and  undergoes  changes  at  a  timescale  comparable  to  that  of  evolution. 
Alternatively,  primers  can  be  designed  to  target  specific  regions  of  DNA  that  are  highly  variable, 
which  results  in  greater  selectivity  and  specificity  of  the  reaction  (e.g.,  targeting  a  functional 
gene  such  as  the  vinyl  chloride  reductase  gene  (vcrJJ  from  Dehalococcoides  spp.).  Generally, 
the  PCR  products  are  observed  on  gels  used  to  separate  different  DNA  fragments  from  the 
sample  to  determine  if  the  target  was  present  or  absent.  Nearly  all  PCR-based  methods  targeting 
DNA  can  be  used  for  RNA  by  first  extracting  RNA  from  the  sample  and  then  using  reverse 
transcription  PCR  to  convert  the  RNA  to  DNA,  and  then  running  the  same  assays. 

quantitative  Polymerase  Chain  Reaction 

qPCR  is  a  semi-quantitative  method  for  estimating  the  concentration  of  the  target  template  (e.g., 
Dehalococcoides  DNA)  within  a  sample  with  high  specificity,  sensitivity,  and  reproducibility. 
qPCR  is  similar  to  PCR  in  that  DNA  is  exponentially  amplified;  however,  during  qPCR, 
fluorescent  markers  are  used  to  detect  and  quantify  products  after  each  round  of  replication.  The 
fluorescent  signal  increases  in  direct  proportion  to  the  amount  of  PCR  product  in  a  reaction.  By 
recording  the  amount  of  fluorescence  emission  following  each  replication  cycle,  it  is  possible  to 
correlate  the  first  significant  increase  in  the  amount  of  PCR  product  with  the  initial  amount  of 
target  template.  The  higher  the  concentrations  of  the  DNA  target  in  the  sample,  the  sooner  a 
significant  increase  in  fluorescence  is  observed.  Standard  curves  are  generated  using  known 
concentrations  of  target  DNA  in  order  to  quantify  the  amount  of  the  target  in  unknown  samples. 
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qPCR  is  by  far  the  most  popular  MBT  for  evaluation  of  chlorinated  solvent  sites,  specifically 
because  it  can  be  used  to  assess  multiple  Dehalococcoides  species,  as  well  as  specific  functional 
reductase  genes  from  those  species  relatively  cost-effectively  and  easily. 

Terminal  restriction  fragment  length  polymorphism  and  denaturing  gradient  gel 
electrophoresis 

Terminal  restriction  fragment  length  polymorphism  (T-RFLP)  and  denaturing  gradient  gel 
electrophoresis  (DGGE)  are  fingerprinting  techniques  that  are  used  to  provide  information  about 
the  microbial  community  and/or  specific  populations,  including  numbers  of  different  DNA 
sequences  observed  after  PCR  amplification  of  community  genomic  DNA.  In  general,  these 
techniques  provide  an  indication  of  the  relative  diversity  of  species  among  samples,  and  in  some 
cases  can  suggest  differences  in  relative  abundance  of  species,  though  this  must  be  approached 
with  caution.  T-RFLP  uses  a  fluorescent  probe  to  label  amplified  DNA  during  PCR  and  then 
separates  different  DNA  sequences  by  using  restriction  enzymes  that  target  specific  sequences 
(i.e.,  every  time  it  sees  a  “ccgg”  in  the  sequence  it  cuts  the  DNA),  leaving  fragments  of  different 
sizes  labeled  with  the  fluorescent  probe.  The  size  of  the  cleaved  fragment  or  terminal  restriction 
fragment  (T-RF),  measured  in  base  pairs  (bp),  varies  among  the  microbial  populations,  or 
ribotypes.  The  output  of  T-RFLP  analysis  is  a  chromatogram  that  represents  the  number  of  T-RF 
ribotypes  (used  to  represent  each  different  population)  on  the  x-axis  and  the  fluorescent  intensity 
of  each  T-RF  on  the  y  axis  (used  loosely  to  represent  the  relative  abundance  of  each  population 
within  the  community).  Therefore,  both  the  number  of  T-RFs  present  in  a  community  profile  and 
the  relative  height  of  the  individual  T-RFs  provide  information  about  the  diversity  of  microbial 
populations  within  the  microbial  community.  These  relationships  are  used  not  to  represent  the 
actual  diversity  within  the  microbial  community,  but  to  determine  the  relative  difference  in 
diversity  among  different  samples  and  among  samples  collected  from  the  same  location  over 
time. 

DGGE  is  a  fingerprinting  technique  in  which  microbial  DNA  sequences  are  separated  into 
discrete  bands  on  a  high-resolution  gel,  generating  banding  patterns  on  the  gels.  The  sequences 
are  separated  based  on  differences  in  composition  of  the  sequences.  Because  of  the  relatively  low 
cost  and  ease  of  application,  this  technique  has  become  widely  used  for  assessing  microbial 
abundance  within  environmental  samples.  In  addition,  this  technique  allows  the  dominant 
members  of  a  community  to  be  identified,  and  if  coupled  to  DNA  sequencing,  to  be  qualitatively 
tracked  over  space  and/or  time  (Macbeth  et  al.,  2004;  Dunbar  et  al.,  1999;  Dunbar  et  al.,  2000; 
Dunbar  et  al.,  2001). 

Clone  Library 

Clone  libraries  are  assemblages  of  DNA  sequences  that  are  separated  following  PCR 
amplification  by  cloning  them  into  plasmids,  which  are  inserted  into  Escherichia  Coli  (E.  coli) 
cells  that  are  allowed  to  grow  to  form  colonies,  each  colony  having  a  different  DNA  sequence 
obtained  from  the  original  sample.  Once  grown,  the  plasmids  are  extracted  from  the  E.  coli  and 
are  then  of  sufficient  quantity  to  be  sequenced.  The  sequences  are  compared  to  databases 
containing  all  known  microorganisms  for  phylogenetic  (DNA  sequence-based)  identification. 
These  techniques  can  provide  relatively  comprehensive  evaluations  of  microbial  community 
diversity  and  are  also  used  to  generate  libraries  of  closely  related  gene  sequences  (i.e.,  16S  rRNA 
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gene  sequences  from  different  Dehalococcoides  spp.).  Generally,  however,  these  methods  are 
time-consuming  and  expensive  relative  to  other  MBTs,  although  costs  have  come  down 
substantially  with  efficiencies  in  gene-sequencing  technology. 

Microarray 

Microarray  technology  is  used  to  detect  and  quantify  the  presence  of  targeted  genes  (DNA) 
and/or  their  expression  (RNA).  DNA  microarrays  are  essentially  chips  onto  which  the  sequences 
from  thousands  of  different  genes  are  attached  at  fixed  locations,  called  spots.  Cellular  DNA  or 
RNA  from  samples  is  then  fluorescently  labeled  and  laid  over  the  top  of  the  array.  DNA  or  RNA 
in  the  overlaid  sample  will  “stick”  (through  a  process  called  hybridization)  if  a  complementary 
(i.e.,  having  the  appropriate  matching  sequence)  spot  on  the  array  exists,  and  will  be  identifiable 
as  a  glowing  spot  on  the  array,  while  the  spots  that  have  nothing  hybridized  to  them  will  not  be 
visible.  Microarrays  are  significant  because  they  allow  for  the  evaluation  of  presence  and 
expression  of  a  very  large  number  of  genes  within  a  single  assay.  DNA  microarrays  are  an 
emerging  technology,  and  research  is  underway  to  develop  remediation- specific  microarrays. 
Currently,  only  limited  availability  of  global  microorganism  arrays  exists  at  universities  and 
research  labs. 

Fluorescence  in-situ  hybridization 

Fluorescence  in-situ  hybridization  (FISH)  is  one  of  the  few  gene-based  MBTs  that  does  not  rely 
on  PCR.  FISH  is  considered  a  whole-cell  assay  and  uses  molecular  fluorescent  probes  that  bind, 
or  hybridize,  to  either  the  DNA  chromosome  or  to  RNA  present  within  microbial  cells.  If  the 
cells  contain  the  target  of  interest,  the  probe  binds,  fluoresces,  and  is  evaluated  under  an  electron 
microscope.  In  addition,  different  fluorescent  probes  can  be  used  at  the  same  time,  in  order  to 
detect  several  different  types  of  targets  (e.g..  Bacteria,  Archaea,  Dehalococcoides)  within  a 
given  sample.  FISH  not  only  provides  evidence  of  presence  and  abundance  of  specific  targets  of 
interest,  but  provides  spatial  information  about  how  cells  are  co-located  within  a  groundwater 
sample  or  within  a  biofilm.  FISH  probes  have  been  developed  that  target  chlorinated  solvent¬ 
degrading  populations,  such  as  Dehalococcoides  (Yang  and  Zeyer,  2003;  Yang  et  al.,  2005; 
Aulenta  et  al.,  2004). 

7.2.2.  Phospholipid  Fatty  Acid  Analysis 

Lipid-based  tools  like  phospholipid  fatty  acid  (PLFA)  analysis  can  gauge  three  key  aspects  of  the 
microbial  community,  including  viable  biomass,  community  composition,  and  metabolic  status. 
PLFA  is  a  substance  found  in  the  cytoplasmic  membrane  of  the  microbial  cell.  PLFA  analysis  is 
based  on  the  extraction  and  separation  of  lipid  classes  followed  by  quantitative  analysis  using  gas 
chromatography  and  mass  spectrometry.  The  individual  fatty  acids  differ  in  their  chemical 
composition  depending  on  the  organisms  present  and  the  environmental  conditions.  Therefore, 
PLFA  analysis  can  help  to  determine  how  much  biomass  is  in  a  given  sample  and  what  general 
types  of  microorganisms  are  present.  While  PLFA  can  provide  indications  regarding  general 
biomass  and  community  structure,  it  is  generally  non-specific  and  does  not  provide  information 
on  key  populations  of  interest  (i.e.,  contaminant-degrading  populations).  With  the  increasing 
number  of  activity-based  tests  currently  available  and  gene-based  tests  providing  information  on 
specific  communities  and  microbes  of  interest,  PLFA  is  gradually  being  replaced  by  more 
specific  gene-based  or  protein-based  tools. 
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7.2.3.  Protein-Based  Analyses 
Enzyme  Activity  Probes 

Enzyme  activity  probes  (EAPs)  are  substrates  that  can  bind  to  specific  enzymes  of  interest,  and 
are  subsequently  transformed  by  those  enzymes  into  fluorescent  products.  If  the  appropriate 
enzyme  is  not  present,  or  it  is  present  but  not  active  in  a  given  sample,  then  the  probes  will  not  be 
transformed  and  no  fluorescence  will  be  detected.  Therefore,  the  technology  directly  measures 
both  the  presence  and  activity  of  the  enzyme.  EAPs  have  been  developed  to  assess  the  presence 
and  activity  of  specific  microorganisms  in  contaminated  subsurface  environments,  primarily 
those  associated  with  aerobic  cometabolic  oxidation  of  chlorinated  solvents  (Lee  et  ah,  2008a; 
Wymore  et  ah,  2007).  EAPs  have  been  developed  for  a  suite  of  enzymes  that  cometabolically 
degrade  chlorinated  ethenes,  including  those  associated  with  aromatic  compounds  (toluene, 
phenol,  benzene),  and  methane. 

Proteomics 

Proteomics  involves  the  identification  of  proteins  expressed  by  a  microbial  cell  and  the 
determination  of  their  role  in  the  physiology  of  that  cell.  While  still  relatively  novel,  these 
analyses  can  provide  direct  evidence  of  any  one  targeted  protein,  or  all  proteins,  such  as 
biodegrading  enzymes,  being  expressed  by  microbial  populations  (Morris  et  ah,  2007).  Studies 
have  proposed  functional  gene  products  (messenger  RNAs  (mRNAs)  and  enzymes)  that  could 
serve  as  molecular  bioindicators  for  specific  dehalorespiration  processes  (e.g.,  specific  reductive 
dehalogenases)  (Morris  et  ah,  2007;  Fung  et  ah,  2007;  Simeonova  et  ah,  2009;  Werner  et  ah, 
2009),  and  aerobic  oxidation  of  VC  (Chuang  and  Mattes,  2007).  While  these  methods  have 
significant  potential  for  understanding  specific  functional  activity  occurring  within  a  sample, 
logistical  challenges,  such  as  absolute  quantification  of  proteins  in  environmental  samples, 
hinders  their  availability  for  widespread  use  (Werner  et  ah,  2009),  and  they  currently  remain  in 
the  research  stage. 

7.3.  Context  for  Use  of  Molecular  Biological  Tools  for  Bioremediation 

As  discussed  in  Appendix  C,  biological  processes  that  either  directly  or  indirectly  impact 
contaminant  degradation  are  complex.  As  discussed  in  the  SERDP/ESTCP  workshop  on  MBTs 
(Leeson  et  ah,  2005),  MBTs  can  be  used  to  provide  evidence  that  desired  (or  undesired) 
biological  processes  are  occurring.  Ultimately,  the  remedial  decisions  that  are  supported  by  data 
generated  from  MBTs  include  the  following: 

1 .  Is  biodegradation  occurring  at  the  site,  and  is  the  rate  of  attenuation  sufficient  to  meet 
RAOs? 

2.  Are  native  contaminant-degrading  populations  present  at  the  site,  or  is 
bioaugmentation  necessary? 

3.  Are  contaminant-degrading  populations  active  at  the  site,  or  do  they  need  to  be 
stimulated? 

4.  Are  processes  or  conditions  limiting  biodegradation  rates  that  could  be  optimized  to 
facilitate  achieving  RAOs? 
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5.  What  other  biological  processes  may  be  contributing  to  undesirable  secondary  water 
quality  impacts,  and  can  they  be  mitigated? 

These  questions  provide  a  useful  framework  for  summarizing  the  current  field  experience  with 
MBTs  and  for  discussing  potential  future  developments  and  their  impact  on  remedial  action 
decisions. 

7.4.  Status  of  Molecular  Biological  Tools 

MBTs  have  been  widely  used  to  demonstrate  the  presence  of,  and  in  some  cases  the  activity  of, 
biological  degradation  mechanisms  for  sites  undergoing  either  intrinsic  or  enhanced 
bioremediation.  In  the  case  of  intrinsic  bioremediation  (i.e.,  natural  attenuation),  it  is  often 
important  to  demonstrate  that  biological  attenuation  is  occurring  at  sufficient  rates  to  stabilize 
and/or  shrink  the  contaminant  plumes.  Often,  contaminant  degradation  mechanisms  (e.g.,  aerobic 
oxidation  or  aerobic  cometabolism)  produce  end  products  that  are  difficult  to  track  in  the 
environment,  such  as  chloride  ion  (e.g.,  low  values  compared  to  background  chloride  levels), 
carbon  dioxide,  and  water.  Therefore,  direct  microbial  evidence  of  intrinsic  biodegradation  can 
provide  important  information  that  these  mechanisms  are  occurring  at  a  site.  MBTs  used  for  this 
application  are  described  in  Sections  7.4. land  7.4.2.  The  halorespiration  mechanism  (and  other 
anaerobic  mechanisms)  is  of  great  interest  for  both  intrinsic  and  enhanced  bioremediation.  MBTs 
for  these  applications  are  described  in  Section  7.4.3.  Section  7.4.4  describes  MBTs  used  to 
understand  methanogenic  activity,  which  can  be  important  especially  for  optimization  of  the 
anaerobic  biodegradation  pathways.  Finally,  case  studies  documenting  MBT  usage  for  a  variety 
of  these  applications  are  presented  in  Section  7.4.5. 

7.4.1.  Aerobic  Oxidation 

MBTs  have  been  used  to  detect  organisms  capable  of  aerobic  oxidation  of  chlorinated  solvents, 
although  these  techniques  have  only  been  demonstrated  in  the  laboratory  and  generally  have  not 
been  applied  to  the  field.  PCR  techniques  have  been  developed  to  identify  genes  in 
Mycobacterium  and/or  strains  capable  of  degrading  VC  and  ethene  (Coleman  and 

Spain,  2003;  Coleman  et  al.,  2002;  Mattes  et  al.,  2007;  Mattes  et  al.,  2005).  In  addition, 
proteomics  was  recently  used  to  identify  the  significant  enzymes  expressed  in  response  to  VC, 
ethene,  and  epoxyethane  biodegradation  by  Norcardioides  sp.  strain  JS614  using  a  peptide  mass 
fingerprinting  during  VC  biodegradation  (Chuang  and  Mattes,  2007). 

7.4.2.  Aerobic  Cometabolism 

Cometabolism  of  chlorinated  solvents  has  been  widely  demonstrated  by  organisms  expressing 
oxygenase  enzymes,  including  those  that  utilize  primary  substrates  (Alvarez-Cohen  and  Speital, 
2001;  Chang  and  Alvarez-Cohen,  1995),  methane  (Anderson  and  McCarty,  1997),  butane, 
toluene  (Azizian  et  al.,  2007;  Malachowsky  et  al.,  1994;  Wackett  and  Householder,  1989; 
Hopkins  and  McCarty,  1995),  benzene  (Malachowsky  et  al.,  1994),  phenol  (Hopkins  and 
McCarty,  1995),  propane  (Malachowsky  et  al.,  1994;  Wackett  et  al.,  1989),  propylene  (Ensign  et 
al.,  1992),  isoprene  (Ewers  et  al.,  1990),  3-chloropropanol  (McGuire  et  al.,  2006),  and  ammonia 
(Vannelli  et  al.,  1990)  for  TCE,  DCE,  and  VC  in  addition  to  ethene  and  ethane  (Freedman  and 
Herz,  1996)  for  VC.  MBTs  discussed  here  largely  focus  on  targeting  genes  that  encode  for  the 
oxygenase  enzymes  responsible  for  the  cometabolic  transformations  due  to  the  relatively  large 
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diversity  of  organisms  that  contain  these  functions.  Table  7-1  presents  a  summary  of  substrates, 
functional  genes,  and  references  for  MBT  PCR  assays  that  have  been  developed,  many  of  which 
are  commercially  available,  for  methane  oxygenases  (McDonald  et  al.,  2008),  aromatic 
oxygenase  genes  (Baldwin  et  al.,  2003;  Hendrickx  et  al.,  2005;  Hendrickx  et  al.,  2006),  propane- 
(Kotani  et  al.,  2003),  ammonia-  (Rotthauwe  et  al.,  1997),  and  butane-  (Sluis  et  al.,  2002) 
monooxygenases . 

Table  7-1.  Cometabolic  Systems  and  Associated  Functional  Genes  with  References  to 

Developed  MBT 


Substrate 

Functional  Gene  (s) 

Reference 

Methane 

16srRNA  for  Type  I  Methanotrophs 

Review  provided  by 
McDonald  et  al.,  1998 

16srRNA  for  Type  II  Methanotrophs 

Soluble  methane  monooxygenase  mmoX genes 

Particulate  methane  monooxygenase  pmoX gene 

Propane 

Propane  monooxygenase 

Kotani  et  al.,  2003 

Toluene 

Toluene  dioxygenase,  toluene  monooxygenasE 

Hendrickx  et  al.,  2006 

Multiple 

Aromatics 

Naphthalene  dioxygenase,  toluene  dioxygenase,  xylene 
monooxygenase,  biphenyl  dioxygenase,  toluene 
monooxygenase,  phenol  monooxygenase 

Baldwin  et  al.,  2003 

Ammonia 

Ammonia  monooxygenase 

Rotthauwe  et  al.,  1997 

Butane 

Butane  monooxygenase 

Sluis  et  al.,  2002 

PLFA  analysis,  which  is  commercially  available,  is  useful  for  identifying  and  distinguishing 
lipids  specific  to  Type  I  and  Type  II  methanotrophs,  which  can  carry  out  cometabolism  of  TCE 
(Nichols  et  al.,  1985;  Bull  et  al.,  2000).  However,  to  the  authors’  knowledge,  this  assay  has  not 
been  applied  in  the  field  in  the  context  of  bioremediation. 

EAPs  have  been  developed  to  evaluate  a  variety  of  cometabolic  oxygenases  (Miller  et  al.,  2002; 
Clingenpeel  et  al.,  2005;  Kauffman  et  al.,  2003;  Keener  et  al.,  1998;  Keener  et  al.,  2001).  These 
probes  have  been  applied  in  the  field  specifically  to  aid  in  evaluation  of  aerobic  cometabolism  of 
TCE  (Lee  et  al.,  2008a;  Wymore  et  al.,  2007). 

7.4.3.  Halorespiration/ Anaerobic  Cometabolism 

PCR  has  been  widely  used  to  investigate  aspects  of  communities  performing  reductive 
dechlorination  during  bioremediation  (Rahm  et  al.,  2006a;  Macbeth  et  al.,  2004;  Loffler  et  al., 
2000;  Richardson  et  al.,  2002,  van  der  Zaan  et  al.,  2010).  For  analysis  of  known  dechlorinators  at 
the  genus  or  species  level,  most  notably  those  related  to  Dehalococcoides,  specific  primers  can 
be  used.  Recent  approaches  include  the  use  of  Dehalococcoides-s^ccific  primers  with  qPCR  in 
order  to  quantify  concentrations  of  these  organisms  in  environmental  samples  and  correlate  with 
observed  dehalogenation  activity  (Holmes  et  al.,  2006;  Lee  et  al.,  2006;  Lee  et  al.,  2008b;  Lu  et 
al.,  2006;  Ritalahti  et  al.,  2006).  Using  qPCR  methods,  techniques  have  been  developed  to 
identify  four  genes  associated  with  Dehalococcoides  spp.  The  first  qPCR  target  was  the  16S 
rRNA  gene,  which  is  used  as  the  general  marker  for  evaluating  all  strains  of  Dehalococcoides 
present  in  a  sample.  In  addition  to  the  general  marker,  three  functional  reductase  genes — TCE 
reductive  dehalogenase  gene  (tccA),  vcrA,  and  the  putative  vinyl  chloride  reductase  gene 
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(bvcA) — associated  with  differing  reductive  dechlorinating  eapaeities  have  been  described  and 
associated  primers  developed.  Reduetase  gene  tceA  was  isolated  from  Dehalococcoides 
ethenogenes  strain  195,  whieh  reduees  TCE  to  cis-DCE  and  VC  in  energy-yielding  reactions,  but 
only  reduces  VC  to  ethene  in  a  cometabolic  reaetion  (Magnuson  et  al.,  1998).  Reductase  gene 
vcrA  was  isolated  from  Dehalococcoides  Strain  VS,  whieh  degrades  eis-DCE  energetically  to 
ethene  (Muller  et  al.,  2004).  Reduetase  gene  bvcA  was  isolated  from  Dehalococcoides  Strain 
BAVl,  whieh  degrades  TCE  only  eometabolieally  and  energetically  degrades  cis-DCE  and  VC 
to  ethene  (Krajmalnik-Brown  et  al.,  2004).  Details  of  the  methods,  results,  and  evaluation  of  the 
qPCR  methods  ean  be  found  elsewhere  (Lee  et  al.,  2008b).  Besides  being  demonstrated  in  a 
variety  of  laboratory  studies,  all  of  these  qPCR  methods  have  been  widely  used  in  the  field. 

In  addition  to  PCR-based  teehniques,  whole-cell  assays  using  FISH  molecular  probes  have  also 
been  developed  to  target  Dehalococcoides  spp.  FISH  ean  be  used  to  evaluate  the  distribution  of 
active  Dehalococcoides,  and  to  evaluate  active  gene  expression  of  microbes  in-situ  based  on 
RNA  (Aulenta  et  al.,  2004;  Fazi  et  al.,  2008;  Rossetti  et  al.,  2008).  Single  eells  are  fluoreseently 
labeled  with  oligonucleotides  that  hybridize  to  rRNA.  rRNA  has  largely  been  the  targeted 
molecule  because  of  its  prevalenee  in  all  eells,  which  leads  to  a  high  signal  intensity.  In  addition, 
different  fluoreseent  dyes  ean  be  used  at  the  same  time,  in  order  to  evaluate  the  spatial  variability 
of  different  target  populations  of  microbes  (e.g.,  Bacteria,  Archaea,  Methanogens)  in  addition  to 
Dehalococcoides  at  any  given  time. 

Proteomics  has  been  used  to  identify  proteins  expressed  by  Dehalococcoides  cultures  ineluding 
reduetive  dehalogenase  proteins  that  eorresponded  to pceA,  tceA,  and  vcrA  (Morris  et  al.,  2007); 
and  DET1559  and  DET1545  (Rahm  et  al.,  2006b;  Rahm  and  Richardson,  2008).  In  addition, 
other  funetional  proteins  ineluding  a  formate  dehydrogenase-like  protein  (Fdh)  had  high 
coverage  in  all  strains  and  under  all  growth  eonditions.  To  date,  however,  limited  application  of 
these  methods  has  oceurred  in  field  samples. 

7.4.4.  Methanogenesis 

The  16S  rRNA  gene  is  the  most  widely  used  target  for  PCR-gene  primers  and  probes  evaluating 
methanogens  (Yu  et  al.,  2005).  In  addition,  primers  have  been  developed  for  the  funetional  gene 
sequenee  of  the  methyl  eoenzyme  M  reduetase  A  (mcrA)  (Luton  et  al.,  2002;  Hales  et  al.,  1996; 
Steinberg  and  Regan,  2008),  which  catalyzes  the  last  step  of  methanogenesis  and  is  conserved 
among  all  methanogens.  In  addition,  mcrA  analysis  shows  mostly  eongruent  phylogeny  to  the 
16S  rRNA  gene  and  ean  thus  be  used  in  eonjunetion  with,  or  independently  of,  that  of  the  16S 
rRNA  gene.  qPCR  methods  have  also  been  developed  for  determining  the  eopy  number  of  the 
16S  rRNA  gene  (Castro  et  al.,  2004),  and  targeting  the  merA  gene  (Steinberg  and  Regan,  2009), 
which  is  available  eommereially. 

Previous  studies  deseribed  methanogen  communities  by  quantitation  of  different  populations 
through  the  use  of  rRNA-targeted  FISH  probes  (Raskin  et  al.,  1994a;  b).  FISH  probes  have  been 
developed  to  evaluate  the  orders  Methanococcales,  Methanomicrobiaceae,  and 
Methanosarcinaceae  (Raskin  et  al.,  1994a;  b).  These  probes  provide  direct  evidence  that  these 
populations  are  present  and  metabolieally  aetive,  in  addition  to  evaluating  the  spatial 
relationships  between  the  populations. 
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A  collection  of  three  case  studies  is  presented  in  Appendix  D  to  illustrate  representative  field 
applications  of  a  variety  of  MBTs,  and  to  show  how  the  data  can  be  used  to  optimize  or 
supplement  bioremediation. 

7.4.5.  Summary  of  Advantages 

MBTs  can  provide  information  relevant  to  successful  implementation  of  bioremediation, 
including: 

•  To  determine  if  a  site  is  biologically  limited  and  requires  bioaugmentation 

•  To  determine  if  a  biological  mechanism  for  contaminant  degradation  is  occurring, 
which  is  particularly  useful  if  degradation  by-products  are  difficult  to  measure  in  the 
field  using  standard  sampling  and  analytical  techniques 

In  addition,  MBTs  can  provide  useful  information  that  can  help  explain  processes  that  are 
occurring  at  a  site,  and  thus  potentially  allow  for  optimization  of  the  in-situ  process.  This 
includes  information  to: 

•  Evaluate  microbial  community  responses  to  treatment 

•  Evaluate  response  in  growth  and  activity  of  key  microbial  populations,  including 
dehalogenating  and  methanogenic  populations,  during  remediation 

•  Determine  key  operational  parameters  (e.g.,  low  pH,  substrate  concentration,  or 
reaction  byproduct  concentration)  that  might  be  limiting  biodegradation  efficiency  by 
correlating  growth  and  activity  to  those  parameters 

7.4. 6.  Summary  of  Disadvantages 

Several  disadvantages  to  implementing  MBTs  exist  that  currently  limit  their  widespread  use, 
including  the  following: 

•  The  methods  are  relatively  specialized  and  require  detailed  knowledge  of 
microbiology 

•  MBTs  increase  monitoring  costs 

•  MBTs  do  not  correlate  with  reaction  rates.  To  date,  data  suggest  that  qPCR  data 
cannot  be  correlated  to  dehalogenation  rates  (Lee  et  ak,  2006;  2008b) 

•  No  standardized  analytical  methods  exist  for  MBTs.  Therefore,  methods  and  results 
can  be  highly  variable  between  laboratories  conducting  this  work.  For  instance, 
SERDP  Project  ER-1561  illustrated  that  MBT  results  for  qPCR  can  vary  depending 
on  isolate,  growth  stage,  primers,  and  nucleic  acid  extraction  method  chosen, 
highlighting  a  need  to  understand  the  precision  and  accuracy  of  methods  being  used 
and  to  recognize  limitations  of  data  interpretation,  particularly  when  applied  to  field 
studies  (Kong  and  Nakatsu,  2009).  For  a  given  project,  it  is  important  at  least  to  use 
the  same  methods  and  laboratories  so  that  results  are  comparable 

•  Very  few  laboratories  perform  MBT  analyses  commercially 
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7.5.  Advantages  and  Disadvantages  Compared  with  Other  Available  Approaches 

Table  7-2  was  modified  from  the  SERDP  expert  panel  workshop  (Leeson  et  al.,  2005;  Stroo  et 
al.,  2006)  and  lists  MBTs  used  in  the  field  to  varying  degrees  to  date,  and  provides  a  qualitative 
assessment  of  the  relative  frequency  of  use,  the  perceived  advantages  and  disadvantages,  and 
current  and  possible  future  uses.  MBTs  can  provide  valuable  information  that  can  aid  in  the 
implementation  of  bioremediation-based  strategies  at  sites.  As  discussed  in  Section  7.3,  several 
key  questions  can  be  answered  by  MBT  data.  These  questions  are  provided  below  along  with  a 
summary  of  MBT  methods  and  alternative  methods  (i.e.,  conventional  methods)  for  obtaining 
the  information  for  comparison. 

1 .  Is  biodegradation  occurring  at  the  site  and  is  the  rate  of  attenuation  sufficient  to  meet 
RAOs? 

•  Best  available  MBT  method:  As  noted  for  Question  3  below,  several  MBTs  can 
indicate  biodegradation  activity;  however,  MBTs  cannot  directly  measure  biological 
attenuation  rate. 

•  Other  MBT  methods:  Measurement  of  contaminant  and  degradation  product 
concentrations  over  time  with  supporting  qPCR  data  showing  growth  of  target 
populations  over  time  might  largely  answer  this  question  for  many  sites. 

•  Conventional/altemative  method:  Contaminant  fate  and  transport  modeling  coupled 
to  methods  for  assessing  biodegradation  rate,  such  as  the  tracer-corrected  method 
(Sorenson  et  al.,  2000).  The  presence  of  a  residual  source  of  contamination  (e.g., 
DNAPL)  greatly  complicates  estimates  of  overall  remediation  timeframe. 

2.  Are  native  contaminant-degrading  populations  present  at  the  site  or  do  I  need  to 
bioaugment? 

•  Best  available  MBT  method:  qPCR  provides  direct  evidence  quickly  and  relatively 
cheaply  regarding  the  presence  of  contaminant-degrading  populations,  including 
Dehalococcoides  species,  and  can  evaluate  their  changes  in  concentrations  over  time 
and  space  (e.g.,  demonstrating  growth  during  biostimulation).  qPCR  can  be  used  to 
determine  the  need  for  bioaugmentation  during  an  initial  design  of  bioremediation. 
When  necessary,  bioaugmentation  can  save  significant  time  and  money  by 
accelerating  the  time  required  to  achieve  complete  degradation  to  innocuous  end 
products  and  reducing  the  cost  of  monitoring  while  waiting  to  see  if  indigenous 
populations  grow. 

•  Other  MBT  Methods:  For  aerobic  cometabolic  degradation,  EAPs  can  be  used  to 
answer  this  question.  As  proteomics  evolves,  the  potential  exists  that  it  will  be 
possible  to  measure  desired  enzymes  or  other  proteins  directly  in  order  to  answer  this 
question,  but  additional  research  and  development  is  required. 

•  Conventional/altemative  method:  For  other  degradation  pathways,  evaluation  of 
groundwater  chemistry,  including  contaminants  and  degradation  products  can  be 
used.  If  significant  degradation  is  not  observed  for  an  extended  period  of  time,  the 
need  for  bioaugmentation  could  be  inferred. 
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3.  Are  contaminant-degrading  populations  active  at  the  site  or  do  they  need  to  be  stimulated? 

•  Best  available  MBT  method:  EAP  provides  the  most  direct  measure  of  activity,  but 
limited  methods  are  available  (only  aerobic  cometabolic  degradation  pathways  have 
been  demonstrated).  RNA-based  qPCR  provides  direct  evidence  regarding  the 
activity  of  Dehalococcoides  populations. 

•  Other  MBT  methods:  DNA-based  qPCR  methods  can  also  indirectly  evaluate  activity 
by  documenting  growth  over  time  indicated  by  increasing  concentrations.  In  the  ER- 
0318  project,  generally  >10^  gene  copies/L  was  required  to  see  efficient  degradation 
to  ethene.  Similar  relationships  were  elucidated  in  Lu  et.  al.  (2006)  and  the  ESTCP 
project  ER-0518  report.  Proteomics  has  high  potential  but  needs  significant 
development  for  field-application. 

•  Conventional/altemative  method:  Evaluation  of  groundwater  chemistry,  including 
contaminants  and  degradation  products.  Where  possible,  the  tracer-corrected  method 
can  be  applied  to  estimate  intrinsic  biodegradation  rates  of  target  contaminants  based 
on  the  ratio  of  contaminant  concentrations  to  a  conservative  plume  tracer  (Wymore  et 
ah,  2007;  Sorenson  et  ah,  2000).  If  significant  degradation  is  observed  in  groundwater 
chemistry  and  reactions  can  be  elucidated,  MBT  data  are  unnecessary. 

4.  Are  processes  or  conditions  limiting  biodegradation  rates  that  could  be  optimized  to 
facilitate  achieving  RAOs? 

•  Best  available  MBT  method:  The  ability  to  evaluate  Dehalococcoides  populations 
with  qPCR  in  response  to  bioremediation  operations  provides  data  to  troubleshoot 
any  conditions  that  may  be  adversely  impacting  Dehalococcoides  growth  and  activity 
(e.g.,  pH,  redox  conditions). 

•  Conventional/altemative  method:  Evaluation  of  groundwater  chemistry,  including 
contaminants  and  degradation  products.  If  sufficient  reaction  rates  are  observed  in 
groundwater  chemistry  and  reactions  can  be  elucidated,  MBT  data  are  unnecessary. 
However,  MBT  data  can  be  valuable  for  troubleshooting  reaction  rates  that  are  not 
sufficient  to  achieve  objectives. 

5.  What  other  biological  processes  may  be  contributing  to  undesirable  secondary  water 
quality  impacts  and  can  they  be  mitigated? 

•  Best  available  MBT  method:  The  ability  to  evaluate  methanogenic  populations  with 
FISH  is  the  most  sensitive;  however,  qPCR  is  more  cost-effective  and  easier.  qPCR 
(and  probably  other  MBT)  methods  are  also  available  for  other  populations  that  might 
cause  secondary  water  quality  impacts,  such  as  metal  reducers;  however,  their 
application  to  this  issue  has  been  limited  at  best. 

•  Conventional/altemative  method:  Evaluation  of  groundwater  chemistry,  including 
concentrations  of  methane.  Generally,  MBT  data  are  unnecessary  to  evaluate 
generation  of  methane,  but  may  be  useful  to  develop  a  strategy  to  mitigate  production 
rates  by  favoring  specific  pathways. 
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Table  7-2.  Summary  of  Current  Molecular  Biological  Tools  for  Monitoring/Diagnosing  Remediation  of  Chlorinated  Solvents 


Tools 

Frequency 
of  Use 

Advantages 

Disadvantages 

Current 

Applications 

Comments 

Gene-based  approaches 

qPCR(16SrRNA 

gene) 

High 

Provides  information  on 
presence/absence/abundance  of 
organisms  of  interest; 
commercially  available  for  a  few 
key  organisms  (e.g., 
Dehalococcoides  spp., 
methanogens);  estimates  of  total 
bacterial  numbers 

Does  not  provide 
confirmation  of 
activity;  sampling, 
handling,  and 
analysis  not 
standardized 

Screening  tool  for 
presence/absence  of 
desired  or  indicator 
organisms; 
monitoring  of  growth 
and  distribution  of 
individual  organisms 

Expansion  to 

wider  range  of 

organisms; 

standardized 

procedures 

needed 

qPCR  mRNA 

Low 

Provides  information  on  gene 
expression  (i.e.,  activity); 
quantitative  approaches  under 
development 

Relative  instability 
of  RNA  presents 
sampling  and 
preservation 
challenges; 
sampling, 
handling,  and 
analysis  not 
standardized,  more 
expensive  than 
DNA-based 
approaches 

A  few  experimental 
applications  for 
confirming 
expression  of 
functional  genes 

Needs  wider 
range  of  genes  of 
interest; 

standardization  of 
approach; 
clarification  of 
how  mRNA 
abundance  relates 
to  activity 

qPCR  (functional 
gene) 

High 

Provides  information  on 
presence/absence/abundance  of 
functional  genes  of  interest; 
commercially  available  for  a  few 
key  genes  (e.g.,  reductive 
dehalogenase  genes,  sulfate 
reductase) 

For  DNA,  does  not 
provide 

confirmation  of 
activity;  sampling, 
handling,  and 
analysis  not 
standardized 

Screening  tool  for 
presence/absence  of 
target  functional 
genes;  monitoring  of 
distribution  and 
proliferation  of 
specific  genes 

Needs  wider 
range  of 
functional  genes; 
extension  to 
mRNA; 
standardized 
procedures 
needed 

104 


Tools 

Frequency 
of  Use 

Advantages 

Disadvantages 

Current 

Applications 

Comments 

DGGE 

Low 

Provides  information  regarding 
presence/absence  of  16S  rRNA 
and/or  functional  genes  of 
interest;  can  provide  an  indication 
of  target  gene  diversity;  increased 
resolution  with  specific  primers 

Inconclusive 
results  with  non¬ 
specific  primers; 
short  amplicon 
length  with 
insufficient 
information;  not 
quantitative;  no 
standardized 
procedures; 
cumbersome 

Screening  tool  for 
presence/absence  of 
indicator  genes; 
sequencing  of 
amplicons  for 
positive  identification 

Use  is  quite 
specialized;  will 
likely  be  replaced 
by  qPCR 
methods; 
standardized 
procedures 
lacking 

T-RFLP 

Low 

Provides  relatively  inexpensive 
basic  information  on  community 
diversity  and  changes  in 
community  structure  over  time; 
can  provide  means  to  track 
individual  organisms  over  time  or 
space  within  a  community  when 
combined  with  other  methods 

Limited  resolution; 
does  not  provide 
sequence 
information;  not 
quantitative;  biased 
towards  dominant 
community 
members 

Screening  tool  for 
community  diversity; 
analysis  of 
community  structure; 
tracking  of  microbial 
groups  within  a 
community  over  time 
during  and  after 
active  remediation 

Standardized 
sample 
preparation 
procedures 
lacking;  guidance 
document  for  data 
interpretation 
lacking 

Clone  Libraries 
(16S  rRNA  genes 
and  functional 
genes) 

Low 

Indication  of  gene  diversity; 
individual  clones  can  be 
sequenced 

Labor-intensive 
and  expensive;  not 
widely  available 
commercially 

Community  structure 
analysis; 

identification  of  new 
genes 

Will  remain  a 
research  tool; 
limited 

applications  for 
bioremediation 
monitoring 

Microarray 

Low 

Provides  the  most  comprehensive 
amount  of  information  on 
presence  and  activity  of  microbial 
communities. 

Limited  number  of 
arrays  available 
and  none 

developed  focused 
on  remediation;  not 

The  PhyloChip  is  a 
microarray  for  rapid 
profiling  of  microbial 
populations.  It  has 
the  ability  to  identify 

Specific  arrays 
need  to  be 
developed  that 
focus  remediation 
populations  of 
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Tools 

Frequency 
of  Use 

Advantages 

Disadvantages 

Current 

Applications 

Comments 

available 

commercially. 

multiple  bacterial  and 
archaeal  organisms 
from  complex 
microbial  samples. 

interest,  more 

commercial 

availability  and 

standardized 

procedures 

lacking 

FISH 

Low 

Provides  measurement  of  activity 
of  organisms  of  interest;  can  be 
quantitative;  visual  information 
on  spatial  distribution 

Not  widely 
available;  probes 
not  available  for  a 
wide  range  of 
organisms;  method 
development  for 
each  target 
organism  required 

A  few  experimental 
applications 

Needs  wider 
range  of  target 
organisms;  more 
commercial 
availability; 
standardized 
protocols  needed 

Lipid-based  approaches 

PLFA 

Low 

Community  screening  tool; 
monitoring  individual  groups  of 
organisms;  total  biomass 
determination;  commercially 
available;  can  be  quantitative 

Other  methods 
provide  more 
specific 

information  for 
similar  cost  and 
effort 

Biomass 
measurements; 
screening  of  high- 
level  community 
structure  and 
microbial  ecosystem 
health 

May  be  useful  for 

identifying 

specific 

organisms;  may 
have  potential  for 
measuring 
respiratory 
activity 

Protein-  based  approaches 

Enzyme  Probes 

Low 

Provides  most  direct 
measurement  of  the  activity  of 
interest  (i.e.,  measures 
presence/absence  of  the  actual 
enzyme) 

Very  few  enzyme 
probes  have  been 
developed;  not 
widely  available 

Direct  measurement 
of  various 
oxygenases 
(including  methane 
and  aromatic) 

Needs  wider 
range  of  enzymes; 
experimental  and 
practical 
validation 
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Tools 

Frequency 
of  Use 

Advantages 

Disadvantages 

Current 

Applications 

Comments 

Proteomics 

Low 

Provides  direct  evidence  of  the 
presence  of  desired  enzyme,  in 
addition  to  information  about 
activity  and  physiological  state  of 
organisms 

Difficulty 
detecting  low- 
abundance 
proteins,  still  in 
research  phase  and 
method 
development 
required 

Peptide  bioindicator 
assays  have  been 
developed  for  certain 
populations  (e.g., 
Dehalococcoides)  to 
identify  strain  and 
substrate-specific 
reductive 
dehalogenases 

Needs  wider 
range  of  proteins; 
experimental  and 
practical 
validation 
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7.5.1.  Commercial  Status 


Table  7-3  provides  an  overview  of  the  commercial  status  of  MBTs  for  bioremediation  of 
chlorinated  solvents. 

Table  7-3.  Commercial  Status  of  Molecular  Biological  Tools  for  Monitoring/Diagnosing 

Bioremediation 


MBT 

Biodegradation  Mechanism 
Addressed 

Secondary  Biological 
Processes 

Commercial  Status 

PCR/qPCR- 

DNA 

Aerobic  cometabolism,  aerobic 
oxidation,  halorespiration 

Methane  production, 
sulfate/iron  reduction, 
denitrification, 
acetogenesis,  total 
bacterial  growth 

Commercially 

available 

PCR/qPCR- 

RNA 

Aerobic  cometabolism,  aerobic 
oxidation,  halorespiration 

Methane  production, 
sulfate/iron  reduction, 
denitrification, 
acetogens,  total 
bacterial  growth 

Commercially 

available 

DGGE/T- 

RFLP 

All,  if  contaminant  degrading 
bacterium  is  a  predominant 
member  of  the  community  and 
analysis  is  coupled  to  DNA 
sequencing/identification. 

Detects  predominant 
members  of  the  target 
group 

Commercially 

available 

Clone 

Libraries 

All,  if  contaminant  degrading 
bacteria  are  predominant 
members  of  the  community 

All,  depending  on  how 
comprehensive 
evaluation  is 

Academic  and 
national  research 
laboratories 

Microarray 

All 

All 

Academic  and 
national  research 
laboratories 

FISH 

All 

All 

Academic  and 
national  research 
laboratories 

PLFA 

Aerobic  cometabolism 

Sulfate/iron  reduction, 
fermentation 

Commercially 

available 

Proteomics 

Halorespiration 

NA 

Academic  and 
national  research 
laboratories 

LAPS 

Aerobic  cometabolism 

NA 

Commercial, 
academic,  and 
national  research 
laboratories 

NA;  Not  evaluated. 
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7.5.2.  Cost 


Table  7-4  provides  estimated  costs  for  MBT  assays.  For  PCR-based  methods,  variability  in  cost 
is  due  to  the  number  of  DNA  extractions  and  targets  that  are  run.  In  general,  cost  efficiencies 
exist  with  multiple  targets  (e.g.,  vcrA,  bvcA,  and  tceA)  for  a  given  sample  with  a  single  DNA 
extraction. 


Table  7-4.  Estimated  Costs  for  Molecular  Biological  Tool  Assays 


MBT 

Analytical  Cost 

PCR/qPCR-DNA 

$225  (includes  DNA  extraction)  +  75/target/sample* 

PCR/qPCR-RNA 

$225  (includes  DNA  extraction)  -I-  75/target/sample* 

DGGE/TRFLP 

$3 00-400/target/sample 

Clone  Libraries 

NA 

Microarray 

NA 

FISH 

$200-300/target/sample 

PLFA 

$300-500/sample 

Proteomics 

NA 

EAPs 

$300-$400/EAP/Sample 

Note  that  these  costs  generally  represent  common  targets  for  anaerobic  chlorinated  solvent  remediation  (i.e.  total  bacteria,  Dhc,  vcrA,  bvcA, 

and  tceA).  PCR  and  qPCR  can  be  done  at  much  less  expense  if  automated  processes  (i.e.,  robots)  are  used  to  do  large  scale  DNA  extractions  and 

PCR. 

NA-  not  commercially  available 


7.5.3.  Regulatory  Acceptance 

As  the  use  of  MBTs  becomes  more  prevalent,  the  regulatory  community  has  become  aware  of 
their  significance,  and  MBT-based  data  have  been  used  to  gain  regulatory  acceptance  of 
remedies.  However,  a  generally  limited  understanding  of  use  and  interpretation  of  MBT  data  still 
exists  within  the  regulatory  community.  In  order  to  address  this  need,  the  ITRC  started  the 
technical  Environmental  Molecular  Diagnostics  team  (EMD  team)  in  2010.  The  mission  of  the 
team  is  to  advance  the  use  of  molecular  biological  and  chemical  diagnostic  techniques  (or  tools) 
for  use  in  environmental  restoration  of  contaminated  soil  and  groundwater  (ITRC,  2010a).  The 
most  important  of  these  “environmental  molecular  diagnostics”  (EMDs)  identified  by  ITRC  are 
various  MBTs  that  can  identify  and  quantify  key  microorganisms  (taxonomy)  and  their  genes 
(function).  These  techniques  can  be  used  to  assess  when  natural  attenuation  as  a  stand-alone 
remedy  is  sufficient,  or  whether  enhancements  such  as  chemical  amendments  or 
bioaugmentation  are  necessary.  It  is  the  goal  of  the  EMD  team  to  summarize  the  fundamental 
background  and  current  status  of  available  EMDs  and  provide  objective  guidance  on  the  best 
practices  for  using  EMDs  and  evaluating,  applying,  and  interpreting  the  results  of  EMDs. 
Technical  and  regulatory  guidance  should  lead  to  greater  use  and  confidence  in  these  diagnostics, 
and  help  site  managers  faced  with  major  decisions  about  site  design,  management,  and 
resolution. 

7.6.  Summary 

MBTs  provide  important  information  that  facilitates  the  successful  implementation  and 
optimization  of  bioremediation  of  chlorinated  solvents.  These  methods  can  provide  unique 
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information  that  provides  an  understanding  of  the  microbial  communities  and  processes  that  are 
essential  for  biological  treatment  of  chlorinated  solvents,  including  biological  degradation 
mechanisms  and  secondary  factors  such  as  methanogenesis.  MBTs  that  target  specific,  key 
processes  or  populations  of  interest  (e.g.,  cometabolic  oxidation  and  Dehalococcoides)  are 
particularly  useful.  Generally,  the  widespread  use  of  MBTs  other  than  qPCR  for 
Dehalococcoides  is  currently  limited  by  logistical  issues  such  as  the  lack  of  standardized 
methods  and  the  limited  number  of  commercially  available  labs.  In  addition,  MBT  methods 
currently  only  have  a  limited  ability  to  quantify  contaminant  attenuation  rates  relative  to  standard 
approaches,  which  limits  their  decision-making  impact  at  this  time.  MBT  use  and  data 
interpretation  are  still  somewhat  specialized,  and  are  not  generally  well-understood  among 
industry,  practitioners,  and  the  regulatory  community.  As  a  greater  technical  understanding  of 
biological  processes  that  affect  contaminant  fate  and  transport  is  developed,  corresponding 
MBTs  will  continue  to  be  developed  and  will  have  increasing  utility  within  the  bioremediation 
field. 
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8.0  VALUE  ADDED  THROUGH  THE  APPLICATION  OF  INNOVATIVE 
DIAGNOSTIC  TOOLS  AT  CHLORINATED  SOLVENT  SITES 

8.1.  Introduction 

The  diagnostic  tools  evaluated  in  this  ESTCP  project  provide  decision-makers  addressing 
cleanup  of  chlorinated  solvent  sites  with  information  that  may  improve  the  timeliness  and 
accuracy  of  decision-making  within  the  context  of  site  cleanup.  The  primary  objective  of  the  use 
of  these  tools  is  to  improve  remedial  design,  selection,  and  performance  assessment  of  in-situ 
technologies  applied  at  chlorinated  solvent  sites.  Five  groups  of  diagnostic  tools  have  been 
evaluated  in  this  project,  including  the  following: 

•  Multi-level  monitoring  systems 

•  Rock  matrix  characterization 

•  Mass  flux-mass  discharge  measurement  methods 

•  CSIA 

•  MBTs 

These  tools  are  considered  “innovative”  in  that  they  are  not  routinely  used  for  site 
characterization  or  performance  assessment  in  the  remediation  industry,  although  their  use  has 
increased  substantially  since  the  initiation  of  this  ESTCP  project.  No  ASTM  (formerly  the 
American  Society  for  Testing  and  Materials,  now  known  as  ASTM  International)  standards  have 
yet  been  developed  for  the  application  of  these  diagnostic  tools. 

These  tools  were  tested  in  three  different  geologic  environments:  (1)  fractured  shale  at 
Watervliet  Arsenal  (a  Type  IV  hydrogeologic  setting),  (2)  highly  heterogeneous  alluvial  geology 
at  Fort  Lewis  (a  Type  III  hydrogeologic  setting),  and  (3)  moderate  heterogeneous  geology  at 
Vandenberg  AFB  (a  Type  II  hydrogeologic  setting).  They  were  applied  to  the  performance 
assessment  of  two  in-situ  technologies:  ISCO  with  permanganate  at  Watervliet  Arsenal,  and  in- 
situ  bioremediation  at  Fort  Lewis.  Not  all  of  the  tools  were  tested  at  each  site  given  that  some  of 
the  tools  are  geology-specific  (e.g.,  rock  matrix  characterization  for  consolidated  media),  or 
technology-specific  (e.g.,  MBTs  at  Fort  Lewis).  As  a  consequence,  providing  guidance  on  the 
use  of  these  technologies  to  the  wide  diversity  of  sites  in  the  DoD  portfolio  of  chlorinated  sites  is 
not  straightforward,  and  not  appropriate  based  on  the  experiences  at  these  three  sites  alone.  In 
this  final  section  of  this  Guidance  Document,  however,  we  provide  both  qualitative  and  some 
quantitative  analysis  of  the  application  of  these  innovative  diagnostic  tools  to  demonstrate  the 
advantages  of  these  innovative  tools  to  complement  the  use  of  conventional  techniques  widely 
used  in  the  remediation  industry. 

As  discussed  in  Section  2.0,  the  life-cycle  of  contaminated  sites  follows  a  well-established  but 
still  highly  non-linear  sequence  of  events  from  initial  discovery  to  final  closure.  Comparatively, 
all  of  the  regulatory-driven  processes  during  this  life-cycle  contain  all  or  some  of  the  following 
key  decision  points: 

•  Discovery  and  initial  site  characterization 
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•  Development  of  a  CSM  including  identification  of  sources,  pathways,  and  receptors 
for  the  chemical(s)  of  concern 

•  Risk  assessment  for  the  “no-action”  alternative 

•  Screening  and  selection  of  remedial  actions  when  warranted 

•  Final  selection  of  remedy  for  site  to  meet  cleanup  objectives  at  specified  points  of 
compliance 

•  Implementation  of  remedy  including  monitoring  programs 

•  Performance  assessment  and  optimization  of  remedy 

•  Comparison  of  performance  to  cleanup  objectives 

•  If  necessary,  modification  of  the  remedy  and  continued  performance  assessment 

•  If  necessary,  selection  of  alternative  endpoints,  alternative  points  of  compliance,  or 
transition  to  passive  remedies  (e.g.,  monitored  natural  attenuation)  and  a  risk  analysis 
of  this  option 

•  Closure  of  the  site  (e.g.,  no  further  action  necessary)  or  transition  to  long-term 
management  and  control,  with  appropriate  institutional  controls  in  both  outcomes 

These  and  other  decision  points  are  site-specific,  and  are  affected  by  many  factors  that  result  in 
complex  interactions  among  all  parties  at  the  site.  In  particular,  during  the  life-cycle  of  site 
remediation,  many  key  decisions  must  be  made  within  the  context  of  considerable  uncertainty, 
given  the  highly  variable  nature  of  the  subsurface,  the  range  of  short-  and  long-term  land  uses, 
and  the  uncertainties  of  stakeholder  opinions  regarding  the  ultimate  disposition  of  the  property. 
However,  some  of  the  innovative  diagnostic  tools  evaluated  in  this  project  are  potentially 
applicable  to  all  chlorinated  solvent-contaminated  sites  in  diverse  geological,  geochemical,  and 
institutional  settings. 

The  advantages  of  each  of  the  diagnostic  tools  tested  here  have  been  summarized  in  the  previous 
sections  for  each  tool  individually.  These  tools  are  designed  to  provide  information  on 
performance  of  in-situ  technologies  that  would  otherwise  not  be  available  from  “conventional” 
techniques.  Collectively,  important  potential  advantages  of  these  diagnostic  tools  include  the 
following: 

•  A  more  accurate  and  detailed  CSM,  which  can  result  in  optimum  selection  and  design 
of  in-situ  remedies 

•  More  accurate  performance  assessment  in  real  time,  resulting  in  more  efficient 
operation  of  the  remedy  or  optimization  of  the  remedy  after  remedy  installation 

•  Assessment  of  the  feasibility  of  achieving  certain  endpoints,  such  as  background 
concentrations  or  maximum  contaminant  levels  (MCLs)  in  groundwater  that  is 
defined  as  a  potential  source  of  drinking  water 

•  Confirmation  of  in-situ  processes  that  result  in  transformation  of  the  chemicals  of 
concern  to  non-toxic  byproducts  (e.g.,  by  using  CSIA  or  MBTs)  and  estimates  of  the 
rate  of  transformation 
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•  Alternative  and  often  more  meaningful  metrics  for  performance  assessment  (e.g., 
mass  flux-mass  discharge) 

Application  of  these  diagnostic  tools  generally  requires  additional  investment  beyond  that 
necessary  for  conventional  characterization  and  performance  assessment  tools.  Thus,  a 
significant  challenge  is  determining  the  value  proposition  for  the  use  of  these  tools.  A  brief 
review  of  the  value-of-information  problem  will  provide  some  insight  applicable  to  determining 
when  the  innovative  tools  evaluated  in  this  project  should  be  implemented  at  chlorinated  solvent- 
contaminated  sites. 

8.2.  Bases  for  Selection  of  Innovative  Diagnostic  Tools 

One  of  the  most  significant  challenges  in  the  cleanup  of  chlorinated  solvent-contaminated  sites  is 
determining  whether  the  degree  of  uncertainty  in  the  values  of  relevant  physical,  chemical, 
and/or  biological  parameters  is  sufficiently  small  such  that  decision-makers  are  reasonably 
confident  of  making  remediation  and/or  site  closure  decisions  based  on  site  data.  During  most 
phases  of  the  remedial  process,  including  the  decision  points  mentioned  above,  decision-making 
under  uncertainty  is  a  dominant  theme.  There  is  a  rich  and  detailed  body  of  literature  on  this 
topic,  a  review  of  which  is  beyond  the  scope  of  this  report.  Nonetheless,  determining  whether 
additional  information  is  needed  to  enhance  the  quality  of  site  decisions  is  a  primary  function  of 
site  stakeholders.  In  simple  terms,  one  must  decide  whether  the  expense  of  using  alternative 
diagnostic  tools  provides  sufficient  value  to  warrant  their  use.  This  is  a  classic  “Value  of 
Information”  (VOI)  problem  within  the  context  of  decision-making  under  uncertainty. 

A  VOI  analysis  is  relevant  to  many  societal  issues  other  than  subsurface  hydrogeology  and 
remediation.  A  recent  review  of  the  VOI  literature  (Yokota  and  Thompson,  2004)  indicates  that 
this  perspective  has  been  applied  to  a  wide  variety  of  sectors  including  general  medical  care, 
clinical  trials,  general  environmental  health,  toxicology,  and  risk  assessment  -  as  well  as  water 
contamination.  According  to  these  authors,  “Value-of-information  analysis  extends  decision 
analysis  to  evaluate  the  benefits  of  collecting  additional  information  to  reduce  or  eliminate 
uncertainty  in  a  specific  decision-making  context”  (Yokota  and  Thompson,  2004,  p.  287). 

Conceptually,  VOI  analysis  is  described  in  economic  terms,  requiring  an  analysis  of  the  impact 
of  additional  information  on  the  expected  value  of  the  decision.  The  decision-maker(s)  must 
compare  the  expected  value  of  a  decision  made  with  the  imperfect  (uncertain)  information  at 
hand  to  the  expected  value  of  the  decision  with  the  new  information  to  be  gathered.  Over  the  past 
few  decades,  numerous  publications  have  attempted  to  develop  algorithms  that  would  provide  a 
basis  to  conduct  a  quantitative  VOI  analysis  regarding  hydrogeologic  data  as  it  applies  to  risk- 
based  remedial  action  decisions  (see  e.g.,  Massman  and  Freeze,  1987;  Reichard  and  Evans,  1989; 
Freeze  et  al.,  1992;  James  and  Freeze,  1993;  Back,  Rosen,  and  Norberg,  2007;  James  and 
Gorelick,  1994;  Russell  and  Rabideau,  2000;  Cardiff  et  al.,  2010).  These  algorithms  are  data- 
intensive,  and  usually  require  estimates  of  the  probability  distribution  function  for  all  parameters 
in  the  algorithm. 

Freeze  et  al.  (1992)  provide  a  conceptually  clear  example  of  assessing  the  VOI  or  worth  of 
additional  data.  These  authors  introduce  an  objective  function  of  the  form 
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Where 


T 

*  =  V  W  -  c(t)  -  R(t)] 

t=l 


B(t)  =  Benefits  obtained  from  a  given  remedial  decision  over  time  (e.g.,  restoration  of 
groundwater,  reclamation  of  contaminated  land,  avoidance  of  punitive  fines) 

C(t)  =  Costs  over  time  (capital  and  operation  costs,  or  costs  of  additional  site 
characterization) 

R(t)  =  Monetized  costs  due  to  risks  of  an  incorrect  decision 

i  =  Discount  rate 

This  objective  function  must  then  be  estimated  for  the  scenarios  of  interest.  These  scenarios 
would  incorporate  various  levels  of  uncertainty  in  key  parameters  or  variables  of  interest  (e.g., 
hydraulic  conductivity  or  mass  flux),  with  the  uncertainty  in  the  estimated  value  potentially 
decreased  by  additional  site  data  at  additional  cost. 

These  types  of  analyses,  while  conceptually  appealing,  are  severely  limited  in  the  context  of  site 
remediation  because  of  the  extent  of  uncertainty  in  multiple  attributes  of  the  problem.  As  thought 
experiments,  they  provide  value  in  defining  which  uncertainties  are  most  critical  to  the  decision 
process.  However,  for  practical  purposes,  the  decision  to  obtain  additional  site  information  to 
reduce  uncertainties  is  usually  based  on  professional  judgment. 

A  qualitative  VOI  analysis  can  be  applied  to  selection  of  innovative  diagnostic  tools  relying  on 
various  specific  or  relative  attributes  of  the  tools  themselves  and  their  applicability  to  a  site- 
specific  issue.  Some  of  these  attributes  include  the  following: 

•  Maturity  of  the  Tool:  A  diagnostic  tool  is  similar  to  any  new  technology  that  must 
pass  through  a  maturation  process,  including  proof  of  concept,  field  testing,  and 
finally,  commercialization.  The  innovative  tools  tested  in  this  project  are  generally 
commercially  available,  have  had  varying  degrees  of  field  testing  and  evaluation,  but 
are  not  yet  widely  or  routinely  used. 

•  Applicability  to  Site  Characteristics:  Some  diagnostic  tools  are  only  suitable  for 
certain  site  geologic  conditions.  For  example,  rock  coring  is  only  appropriate  for 
consolidated  media. 

•  Applicability  to  Specific  In-Situ  Technology:  Certain  diagnostic  tools  are  only 
applicable  to  a  specific  technology.  For  example,  molecular  biological  tools  are  only 
appropriate  for  in-situ  processes  relying  on  microbial  transformations,  such  as 
enhanced  reductive  dechlorination  (ERD). 

•  Implementation  at  the  Site  of  Interest:  The  ease  of  implementation  of  a  diagnostic 
tool  at  a  particular  site  is  also  a  relevant  criterion  for  selection.  Physical  constraints  at 
a  site  (e.g.,  above-ground  structures)  may  limit  the  applicability  of  a  given  tool. 
Complex  operating  requirements  and  associated  components  of  a  tool  may  also  limit 
its  usefulness. 
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•  Detection  Limits,  Accuracy,  and  Precision  of  the  Tool:  Sufficient  field  data  should 
be  available  to  determine  if  the  diagnostic  tool  provides  detection  limits  relevant  to 
the  chemicals  of  concern,  and  that  the  reported  values  of  the  data  produced  through 
use  of  the  tool  are  of  sufficient  accuracy  and  precision  to  improve  decision-making. 
This  issue  is  susceptible  to  statistical  analysis,  but  ultimately,  professional  judgment 
is  required  because  of  site  complexities,  diverse  hydrogeochemical  environments,  and 
the  likely  limited  amount  of  field  data  available. 

•  Uniqueness  of  Data  Gathered  by  the  Tool:  If  a  diagnostic  tool  provides  unique  data 
that  cannot  be  obtained  using  other  methods,  that  tool  has  essentially  a  “competitive” 
advantage  compared  to  other  techniques.  In  this  case,  the  value  of  the  information 
must  be  considered  in  the  context  of  the  remedial  process  decision.  For  example, 
CSIA  analyses  can  demonstrate  that  chemicals  of  concern  are  being  transformed  by 
in-situ  processes  as  opposed  to  being  diluted  or  displaced.  Thus,  these  are  unique 
analyses,  and  may  be  essential  to  support  of  the  use  of  a  particular  technology,  or  a 
decision  to  transition  to  passive  remediation,  e.g.,  natural  attenuation.  CSIA,  rock 
matrix  characterization,  and  MET  diagnostic  tools  all  provide  unique  data  that  cannot 
be  obtained  by  other  methods.  The  use  of  multi-level  monitoring  devices  also 
provides  unique  data  providing  a  vertical  profile  of  concentrations  of  the  chemicals  of 
concern  (e.g.,  see  Einarson,  2006). 

•  Cost  Relative  to  Similar  Methods:  A  final  criterion  for  selection  of  these  tools  is  the 
relative  cost  of  application  of  the  diagnostic  tool  compared  to  alternative  or 
conventional  techniques  or  other  tools  that  can  provide  equivalent  information.  This 
criterion  is  only  applicable  if  there  are  competing  methods  for  obtaining  the  same 
data.  Three  of  the  five  diagnostic  tools  evaluated  in  this  project  provide  unique  data 
that  cannot  be  provided  by  other  techniques,  as  noted  above.  Two  of  the  tools,  mass 
flux/mass  discharge  measurement  methods  and  multi-level  monitoring  systems,  can 
be  compared  on  a  cost  basis.  In  this  project,  four  methods  for  determining  mass  flux 
and  mass  discharge  emanating  from  a  source  zone  were  compared.  In  addition,  five 
different  groundwater  sampling  methods  were  compared,  at  one  of  the  sites.  In  these 
cases,  a  comparative  cost  analysis  provides  an  indication  of  relative  costs,  assuming 
that  the  other  attributes  of  the  methods  are  comparable. 

The  utility  of  diagnostic  tools  for  satisfying  regulatory  requirements  depends  upon  regulatory 
acceptance  of  the  tool.  Regulatory  acceptance  was  addressed  in  previous  sections  for  the  five 
diagnostic  tools  of  this  study.  The  degree  of  regulatory  acceptance  varies  but  will  likely  increase 
as  tools  are  demonstrated  to  provide  value  and  as  entities  such  as  ITRC  provide  education  on 
diagnostic  tools  directly  to  the  community  of  regulators  and  practitioners. 

In  the  remainder  of  this  section,  the  applicability  of  each  of  the  five  diagnostic  tools  to 
characterize  and  assess  performance  of  in-situ  technologies  at  chlorinated  solvent  sites  will  be 
evaluated  qualitatively  using  the  above  criteria  to  assess  the  VOI  obtained  by  their  use. 

8.3.  Multi-Level  Monitoring  Systems 

Multi-level  monitoring  systems  (MEM  systems)  are  designed  to  collect  depth-discrete  samples 
or  measurements  over  a  single  vertical  profile  of  the  subsurface,  in  contrast  to  conventional 
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groundwater  monitoring,  which  generates  data  that  represents  a  vertically  averaged  measurement 
from  each  well.  MLM  systems  provide  a  better  understanding  of  the  vertical  distribution  of 
contaminants  as  well  as  the  changes  in  concentration  with  depth  within  the  contaminant  plume 
compared  to  conventional  monitoring. 

The  multi-level  and  nested  well  monitoring  systems  used  to  monitor  the  vertical  distribution  of 
contaminants  discussed  in  this  report  include:  (a)  Solinst  CMT®  (Continuous  Multichannel 
Tubing),  (b)  Solinst  Waterloo  system,  (c)  Westbay  system,  (d)  the  Groundwater  FLUTe  (a 
trademark  name  for  Flexible  Liner  Underground  Technologies),  and  (e)  ZIST™  (Zone  Isolation 
Sampling  Technology  by  BESST,  Inc.,  a  nested  well  system).  These  systems  were  described  in 
detail  in  Section  5.1.  In  addition,  Einarson  (2006)  provides  an  overview  encompassing  all  types 
of  MLM  systems  and  well  nests  and  clusters  used  in  North  America. 

8.3.1.  Field  Results 

During  this  study,  the  MLM  systems  discussed  above  were  compared  to  conventional 
groundwater  well  clusters  in  both  unconsolidated  saturated  zones  during  bioremediation  (at  Fort 
Lewis)  and  consolidated  saturated  zones  during  in-situ  chemical  oxidation  with  permanganate  (at 
Watervliet  Arsenal). 

Fort  Lewis 

At  Fort  Lewis,  a  relatively  shallow  contaminant  treatment  zone  (approximately  10-30  ft  bgs) 
allowed  the  use  of  CMT®  monitoring  wells,  which  are  generally  a  less  expensive  option  than 
installing  separate  vertically  discrete  monitoring  wells  at  varying  depths.  This  MLM  system 
provided  critical  information  in  understanding  heterogeneity  in  the  hydraulic  system  including 
the  presence  of  vertical  gradients  and  preferential  flow  paths.  In  addition,  the  data  provided  by 
the  system  were  helpful  for  optimizing  the  injection  design  to  effectively  encompass  target 
horizontal  and  vertical  contaminant  treatment  areas.  This  resulted  in  degradation  of  TCE  in  the 
areas  receiving  whey,  which  was  the  injected  bioremediation  substrate  at  this  particular  site. 
MLM  also  allowed  for  the  evaluation  of  variability  in  contaminant  mass  vertically  within  the 
treatment  areas,  and  to  assess  response  to  treatment  to  determine  mass  transfer  effects.  Below  is 
an  evaluation  of  the  effectiveness  of  the  CMT  system  for  various  targeted  uses  at  Fort  Lewis. 

•  Subsurface  heterogeneity:  At  Fort  Lewis,  MLM  was  required  to  characterize 
specific  parameters  in  three-dimensional  space,  such  as  hydraulic  conductivity, 
influence  of  vertical  gradients,  and  designation  of  preferential  flow  paths.  Successful 
design  of  an  effective  injection  strategy  would  have  been  much  more  difficult,  and 
costly,  without  this  information. 

•  Distribution  of  whey:  MLM  demonstrated  effective  horizontal  and  vertical 
distribution  of  whey  throughout  the  target  area. 

•  Evaluation  of  geochemical  impacts:  MLM  was  unnecessary  for  evaluating 
geochemical  impacts  at  Fort  Lewis.  There  was  little  difference  in  geochemical 
parameters,  such  as  pH  and  methane  concentrations,  measured  in  groundwater  within 
the  different  depth  intervals.  Therefore,  two-dimensional  sampling  within  the 
treatment  area  would  have  been  sufficient  to  evaluate  significant  changes  in 
geochemistry  at  this  site.  This  may  not  be  the  case,  however,  for  other  field  sites. 
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especially  sites  that  may  have  more  significant  variability  in  geochemistry  with  depth 
(i.e.,  sites  with  a  much  larger  vertical  heterogeneity  and  potentially  multiple 
contaminant  zones). 

•  Contaminant  distribution  and  fate:  MLM  was  useful  for  evaluating  variability  of 
contaminant  and  degradation  by-product  concentrations  spatially  within  the  treatment 
cells.  MLM  was  very  useful  for  assessing  enhanced  mass  transfer  due  to 
bioremediation,  which  was  assessed  using  a  molar  mass  balance  in  contaminant  and 
reductive  by-product  concentrations  in  groundwater  over  the  various  operational 
phases. 

•  Contaminant  mass  flux:  MLM  was  used  to  evaluate  contaminant  mass  flux  within 
the  treatment  cells.  However,  because  a  constant  groundwater  velocity  over  time  was 
assumed  and  the  groundwater  velocity  at  Fort  Lewis  was  highly  variable,  the 
accuracy  of  the  mass  flux  measurements  was  uncertain. 


Watervliet  Arsenal 

At  Watervliet  Arsenal,  all  four  MLM  systems  and  the  nest  well  systems  were  used  for  vertical 
profding.  The  spatial  arrangement  of  the  various  boreholes  and  the  sequence  of  uses  of  the 
different  MLM  systems  were  not  selected  to  accommodate  rigorous  comparisons  of 
advantages/disadvantages  or  performance  between  the  systems.  However,  the  field  evaluation  at 
Watervliet  did  result  in  findings  regarding  system  performance  for  key  performance  criteria, 
selected  results  of  which  are  summarized  in  Table  8-1. 
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Table  8-1.  Performance  Evaluation  of  Multiple  Multi-Level  Monitoring  Systems  at 

Watervliet  Arsenal 


Criterion 

Performance  of  MLM  Systems  and  Nested  Wells 

Multiple  uses 

All  of  the  systems  were  used  for  hydraulic  head  measurements  and  groundwater 
sampling,  but  only  the  Westbay  was  utilized  for  hydraulic  testing.  The  ZIST  system 
also  has  the  capability  to  be  used  for  hydraulic  testing.  The  Westbay  system  was 
also  utilized  for  injection  of  permanganate. 

East  of  installation 

Installation  difficulties  can  arise  because  of  borehole  irregularities,  MLM  system 
construction  requirements  or  bridging  of  well  backfill  materials.  The  Westbay 
system  is  least  prone  to  installation  difficulties  because  it  can  be  installed  inside  a 
temporary  casing,  if  necessary,  and  does  not  require  backfill  of  the  borehole 
annulus.  Difficulties  were  encountered  during  the  installation  of  the  CMT  system  at 
Watervliet  due  to  bridging  of  the  well  backfill  materials  in  the  boreholes.  However, 
this  problem  was  overcome  in  the  subsequent  installation  of  nested  wells  by 
changing  the  backfill  materials  and  the  rate/method  by  which  they  were  emplaced 
in  the  boreholes. 

Ease  of  operation 

Each  of  the  MLM  systems  and  nested  well  systems  included  in  this  demonstration 
increased  the  efficiency  of  collecting  groundwater  samples  by  having  multiple 
monitoring  zones  in  one  borehole,  reducing  the  time  to  set  up  and  take  down 
sampling  equipment,  as  compared  to  monitoring  well  clusters.  At  the  Watervliet 
Arsenal,  45  groundwater  samples  were  collected  from  five  FLUTe  systems  in  one 
day  by  a  team  of  two  people. 

Suitability  for 
permanganate 
injections 

The  rock  core  chlorinated  solvent  analysis  showed  that  much  of  the  contaminant 
mass  was  located  in  lower  permeability  zones  at  Watervliet.  The  Westbay  systems 
were  used  at  the  Watervliet  Arsenal  to  target  these  lower  permeability  zones  for 
treatment;  they  were  the  only  MLM  system  capable  of  injecting  treatment  solutions 
at  useful  rates  into  multiple  low-conductivity  intervals  in  the  same  borehole. 
Permanganate  was  injected  through  two  of  the  six  Westbay  systems  installed  at  the 
site. 

Durability  when 
exposed  to 
permanganate 

This  project  was  the  first  where  several  types  of  groundwater  monitoring  devices 
were  exposed  to  permanganate.  The  FLUTe  systems  were  removed  after 
permanganate  was  detected  in  the  boreholes.  One  of  the  FLUTes  disintegrated  in 
the  borehole  during  removal  due  to  damage  caused  by  the  permanganate.  The 
project  team  was  aware  before  the  installation  of  the  FLUTes  that  they  were  not 
compatible  with  permanganate,  and,  therefore,  they  were  installed  with  temporary 
monitoring  as  the  objective.  Following  this  field  observation,  new  materials  for 
FLUTe  systems  were  investigated  to  better  withstand  exposure  to  permanganate. 

The  Westbay  systems  were  expected  to  withstand  the  permanganate  effects,  as  the 
materials  used  to  construct  the  system  are  compatible  with  permanganate.  However, 
over  time,  all  of  the  ports  in  the  Westbay  wells  used  for  permanganate  injections 
became  inoperative,  likely  due  to  the  formation  of  precipitates  that  clogged  the 
ports  and  prevented  either  the  attachment/sealing  of  the  sampling  tool  and/or  the 
movement  of  the  pumping  port  cover.  The  Westbay  systems  not  utilized  for 
injection  of  permanganate  remained  operative  throughout  the  project. 

Neither  the  CMT  nor  nested  well  systems  showed  signs  of  deterioration  in  the 
presence  of  permanganate. 

Installation  cost 

As  configured  for  the  Watervliet  Arsenal,  the  MLM  system  with  the  lowest 
purchase  and  installation  cost  was  the  CMT  system. 
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8.3.2.  Attributes  for  Selection 

MLM  systems  are  mature  tools  that  are  commercially  available  and  have  been  used  widely. 
Each  MLM  system  evaluated  during  this  ESTCP  project  has  been  used  in  numerous 
investigations  of  sites  distributed  across  North  America,  and  some  of  the  systems  have  been  used 
on  other  continents.  There  is  substantial  reporting  on  the  uses  of  MLM  systems  in  site 
characterization  reports  and  conference  proceedings. 

MLM  systems  are  applicable  to  both  consolidated  and  unconsolidated  geologies.  Due  to  the 
materials  used  in  their  construction,  some  MLM  systems  may  be  incompatible  with  certain 
remedial  technologies  (e.g.,  chemical  oxidants  or  high  temperatures). 

MLM  systems  are  generally  implementable  (and  have  been  implemented  at  many  sites),  but  do 
often  require  specialized  knowledge  during  installation  and  initial  rounds  of  sampling.  For 
example,  the  use  of  a  trained,  on-site  technician  is  recommended  for  installation  of  the  Westbay, 
FLUTe,  and  ZIST  systems.  At  Watervliet  Arsenal,  the  Westbay  system  required  a  two-person 
team  to  efficiently  operate  and  decontaminate  the  down-hole  equipment  necessary  for  sampling, 
and  maintenance  of  the  down-hole  equipment  (wireline  repairs)  was  required  to  keep  it  in  proper 
working  condition.  As  noted  above,  installation  difficulties  can  arise  because  of  borehole 
irregularities,  MLM  system  construction  requirements,  or  bridging  of  well  backfill  materials. 
Non-ideal  borehole  conditions  may  prevent  the  MLM  system  from  reaching  the  bottom  of  the 
borehole.  The  Westbay  system  is  least  prone  to  installation  difficulties  of  the  MLM  systems  used 
at  Watervliet  Arsenal  because  it  can  be  installed  inside  a  temporary  casing,  if  necessary,  and 
does  not  require  backfill  of  the  borehole  annulus.  Nested  well  systems  can  also  be  installed  using 
a  temporary  well  casing. 

MLM  systems  provide  more  precise  data  in  three-dimensional  space  than  conventional  two- 
dimensional  groundwater  monitoring.  System  storage  volume  and  the  potential  for  sample  bias 
are  important  factors  influencing  the  accuracy  of  contaminant  concentrations  obtained  using 
MLM  systems  or  nested  wells.  Purging  the  system  storage  volume  and  sampling  can  cause 
differences  between  what  is  measured  and  the  actual  formation  concentration.  The  Westbay 
system  has  essentially  no  internal  storage  volume,  such  that  it  is  a  "no-purge"  system.  After  the 
Westbay  pumping  port  is  used  to  purge  the  monitoring  zones  after  installation,  no  further 
purging  is  required.  The  FLUTe  system  has  minimal  annulus  storage  volume,  which  means  that 
as  soon  as  the  internal  system  volume  is  purged,  the  sample  can  be  collected  with  no  substantial 
additional  purging.  The  Waterloo,  CMT,  and  nested  well  systems  have  volume  in  the  tubing 
between  the  port  and  the  surface,  and,  therefore,  more  extensive  purging  is  generally  required. 

Sample  bias  refers  to  the  influences  on  the  contaminant  concentrations  during  sampling  and 
analysis  that  cause  the  measured  concentrations  to  be  different  than  the  true  concentrations  in  the 
formation  immediately  beyond  the  sampling  interval.  Many  factors  can  cause  sample  bias,  such 
as  reaction  with  the  MLM  system  materials  (e.g.,  sorption  or  leaching),  volatilization  losses,  and 
formation  mixing.  Of  the  four  MLM  systems  evaluated  as  part  of  this  ESTCP  project,  the 
Westbay  system  has  the  least  propensity  for  biases  of  chlorinated  solvent  results  because  the 
groundwater  sample  is  collected  down-hole  in  a  canister  made  of  glass  or  steel  without 
headspace,  although  subsequent  transfer  from  the  canister  to  sampling  bottles  at  surface  may 
create  similar  bias  as  the  other  systems.. 
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The  use  of  MLM  systems  provides  unique  data  regarding  hydrogeologic  properties  and 
contaminant  distribution  that  cannot  be  obtained  by  other  methods. 

Comparison  of  costs  among  MLM  systems/nested  well  systems  is  complex  given  each  system 
has  distinct  advantages  in  different  settings  and  can  serve  different  purposes.  The  costs  for  each 
system  for  an  example  site  setting  were  provided  in  Section  3.2  for  the  sake  of  comparison.  The 
use  of  MLM  systems  will  increase  cost  compared  to  conventional  groundwater  monitoring 
systems,  but  they  provide  unique  data  that  cannot  be  obtained  conventionally.  Also,  their  use  can 
result  in  cost  savings  during  in-situ  treatment  due  to  optimization  of  injection  strategies  to  target 
vertical  intervals  not  being  fully  treated  and  to  target  areas  within  the  source  zone  with  the 
greatest  mass.  The  optimization  can  result  in  greater  mass  removal  rates,  shorter  remedial 
timeframes,  and  lower  overall  life-cycle  costs  than  would  be  achieved  without  the  use  of  MLM 
systems. 

8.3.3.  Recommendations 

The  use  of  MLM  systems  can  provide  information  relevant  to  multiple  steps  in  the  remedial 
process,  including  site  investigation,  remedial  system  design  and  performance  assessment, 
system  optimization,  and  long-term  monitoring,  as  shown  in  Table  8-6.  Recommendations  for 
the  appropriate  and  valuable  application  of  MLM  system  measurements  include  the  following: 

Recommendation  #1:  Use  MLM  systems  for  vertical  delineation  of  hydrogeologic 
properties  and  contaminant  concentrations  at  all  sites,  due  to  the  inherent  heterogeneity 
present  in  the  subsurface,  even  in  Type  I  hydrogeologic  settings. 

The  utility  of  the  MLM  system  results  at  the  two  field  sites  evaluated  as  part  of  this  project 
support  their  implementation  and  long-term  use  at  most  sites  impacted  with  chlorinated  solvents. 
At  both  Watervliet  Arsenal  and  Fort  Lewis,  the  use  of  MLM  systems  improved  the  CSM, 
specifically  by  identifying  “hot  spots”  of  contamination.  The  systems  enable  the  determination  of 
the  vertical  distribution  in  hydrogeologic  properties  and  contaminant  concentrations,  and  these 
data  are  needed  at  nearly  all  chlorinated  solvents  sites  for  multiple  purposes,  including  the 
following: 


•  Assessment  of  spatial  variability  of  plume  concentrations 

•  Determination  of  vertical  characteristics  of  treatment  areas,  including  hydraulic, 
contaminant,  and  geochemical  parameters 

•  Monitoring  of  vertical  distribution  of  subsurface  amendments  relative  to 
contaminants 

•  Identification  of  areas  of  predominant  contaminant  transport,  and  improvement  in 
mass  flux/mass  discharge  estimates 

•  Concentration  of  remedial  efforts  on  the  high-contaminant-mass  areas  of  sites,  as 
defined  both  horizontally  and  vertically 

The  use  of  MLM  systems  requires  the  collection  of  numerous  samples  at  any  single  well  location 
and  analysis  of  samples  at  additional  cost.  However,  the  information  provided  by  MLM  systems 
cannot  be  easily  obtained  using  conventional  monitoring  wells  unless  well  clusters  are  used. 
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Without  vertical  profiles  of  contaminant  concentrations,  serious  errors  in  design  of  remediation 
systems  may  occur,  with  the  result  of  increased  annual  costs,  and  ultimately,  higher  life-cycle 
costs.  Qualitatively,  the  value  of  the  data  from  these  devices  exceeds  the  added  cost  in  most 
geologic  settings,  and  is  likely  essential  for  optimum  decision-making  at  the  majority  of  sites. 

Recommendation  #2:  Balance  relevant  criteria  for  the  selection  of  the  most  appropriate 
MLM  system  for  a  given  site. 

Given  that  there  are  so  many  ways  in  which  the  MLM  system  and  nested  well  systems  differ 
from  one  another,  and  that  individual  sites  will  have  different  monitoring  objectives, 
geology/hydrogeology,  and  regulatory  requirements,  the  task  of  selecting  the  MLM  system  or 
nested  well  system  most  appropriate  for  the  particular  sites  needs  is  site-specific.  There  are  many 
criteria  that  can  be  used  for  selection  of  a  MLM  system.  At  most  sites,  there  are  multiple  uses  of 
the  MLM  system,  and  selection  of  the  most  appropriate  MLM  system  involves  a  balance 
between  the  various  criteria.  Relevant  criteria  include  the  following,  some  of  which  are  discussed 
above  and  others  of  which  are  discussed  further  in  Malcolm  Pimie  and  University  of  Waterloo, 
2010: 


•  Borehole  diameter 

•  Maximum  depth 

•  Multiple  uses 

•  Removability 

•  Ease  of  installation 

•  Nature  of  seal  between  monitoring  intervals 

•  System  storage  volume 

•  Maximum  purge/pumping  rate 

•  Potential  for  sample  bias 

•  Ease  of  operation 

•  Durability  when  exposed  to  subsurface  amendments  (e.g.,  oxidants) 

•  Durability  during  normal  use 

•  Suitability  for  fluids  injections 

•  Cost 

8.4.  Rock  Matrix  Characterization 

Section  4.0  of  this  report  addressed  rock  matrix  characterization,  which  measures  chlorinated 
solvent  mass  in  rock  samples,  including  rock  matrix  pore  water.  Rock  matrix  characterization  is 
a  diagnostic  tool  for  use  in  consolidated  geologic  environments  (i.e..  Type  IV  and  V 
hydrogeologic  settings),  with  an  emphasis  on  elucidating  the  internal  structure  of  contaminant 
plumes  including  contaminant  distribution  in  the  rock  matrix  where  groundwater  is  nearly 
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immobile  due  to  low  permeability.  The  method  protocol  therefore  includes  collection  of  samples 
at  high  density  (approximately  one  sample  per  foot  of  core),  including  at  fractures  (i.e.,  one  of 
the  fracture  faces)  and  bedding  planes,  at  lithologic  changes,  and  from  matrix  blocks  between 
fractures.  The  technique  involves  collecting  small  rock  core  samples  with  depth,  crushing  the 
rock,  and  then  extracting  chlorinated  solvents  from  the  rock  matrix  with  methanol  for  subsequent 
laboratory  measurement.  For  rock  matrix  samples,  the  analysis  yields  equivalent  pore  water 
contaminant  concentration. 

8.4.1.  Field  Results 

At  the  Watervliet  Arsenal,  the  geologic  environment  consists  of  shale  bedrock  (Type  IV 
geology).  Continuous  bedrock  cores  were  collected  in  five-foot  intervals  from  the  competent 
bedrock  surface  to  the  final  depth  of  the  well  from  five  monitoring  well  boreholes  (Goldstein  et 
al.,  2004).  Samples  from  these  cores  were  collected  and  analyzed  using  the  characterization 
approach  described  above  and  in  Section  4.0. 

In  one  example  borehole,  although  the  flow  zones  identified  by  the  borehole  geophysical  testing 
correlated  to  elevated  rock  matrix  chlorinated  solvent  concentrations  at  two  depths,  they  did  not 
account  for  a  large  vertical  span  of  elevated  rock  matrix  chlorinated  solvent  contamination  from 
approximately  50  to  110  feet  bgs,  where,  in  many  cases,  PCE  concentrations  approached 
solubility.  These  data  support  the  conclusion  that  numerous  fracture  pathways  existed  that  were 
not  detectable  using  conventional  geophysical  techniques.  In  the  same  borehole,  although  the 
zone  between  approximately  50  to  110  feet  bgs  contained  rock  matrix  chlorinated  solvent 
concentrations  approaching  solubility,  groundwater  chlorinated  solvent  concentrations  in  this 
zone  were  only  approximately  10  percent  of  the  rock  matrix  pore  water  concentrations, 
indicating  that  the  rock  matrix  and  fracture  groundwater  were  not  in  equilibrium. 

The  results  from  Watervliet  Arsenal  provided  unique  insights  regarding  the  distribution  of 
chlorinated  solvent  mass  and  support  the  value  of  rock  coring  and  analyses  for  improving  the 
characterization  of  chlorinated  solvent  distribution  in  fractured  rock  environments. 

8.4.2.  Attributes  for  Selection 

The  rock  matrix  characterization  technique  is  a  mature,  commercial  tool,  and  has  recently  been 
trademarked  under  the  trade  name  of  COREDFN^'^  (Characterization  of  Rock  Environments  - 
Discrete  Fracture  Network  Approach).  It  is  commercially  licensed  to  Stone  Environmental,  Inc. 
of  Montpelier,  Vermont. 

The  rock  matrix  characterization  technology  is  applicable  to  any  site  where  bedrock 
groundwater  has  become  contaminated  with  organic  compounds,  particularly  CVOCs.  However, 
it  has  been  shown  to  be  most  valuable  in  geologic  settings  consisting  of  sedimentary  rock,  such 
as  sandstone,  shale,  and  siltstone,  where  matrix  porosity  is  appreciable  (generally  1-20%  range). 

Rock  matrix  characterization  is  not  specific  to  a  particular  remedial  technology.  The  technology 
is  applicable  for  evaluation  of  the  efficacy  of  in-situ  remedial  technologies  such  as  chemical 
oxidation,  bioremediation,  and  thermal  treatment. 
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This  technique  is  implementable,  but  involves  significant  time  and  effort  because  it  requires 
drilling  rock  cores  and  detailed  sampling  and  analyses  of  the  core  samples. 

The  detection  limits,  accuracy,  and  precision  of  rock  matrix  characterization  have  been  found 
sufficient  for  analysis  of  chlorinated  solvents  in  fractured  rock.  The  method  of  direct,  on-column 
measurement  of  chlorinated  solvents  in  methanol  (used  to  extract  the  chlorinated  solvents  from 
the  rock)  has  been  tailored  by  the  University  of  Waterloo  to  achieve  low  detection  limits  (e.g., 

0.1  pg/L  for  TCE  and  PCE). 

Rock  matrix  characterization  provides  unique  data  that  cannot  be  obtained  by  other  methods. 

The  criterion  of  comparative  cost  is  not  applicable  because  there  are  no  competing  methods  for 
obtaining  the  same  data.  Based  on  project  costs  for  investigations  conducted  in  the  last  five 
years,  the  typical  cost  is  in  the  range  of$150to$170  per  linear  foot  of  core  analyzed  (assuming 
that  one  sample  is  collected  per  foot  of  core),  not  including  drilling  costs,  which  vary  greatly. 

8.4.3.  Recommendations 

Recommendation:  Use  of  rock  matrix  characterization  should  be  evaluated  at  all 
chlorinated  solvent  sites  in  consolidated  media  using  appropriate  value  of  information 
factors. 

Rock  core  analyses  provide  contaminant  mass  and  phase  distributions  more  relevant  to  the 
characterization  of  contaminant  behavior  than  those  obtained  from  monitoring  wells  or  other 
types  of  borehole  water  sampling  alone.  Conventional  hydraulic  characterization  methods  for 
chlorinated  solvents  in  fractured  bedrock  environments  involves  open  boreholes,  which  allows 
for  cross-connection  between  fractures  in  different  sections  of  the  hole  and  yields  results  that  are 
not  representative  of  the  natural  system.  Conventional  groundwater  characterization  in  fractured 
bedrock  environments  involves  only  sampling  water  from  fractures.  Field  studies  using  the  rock 
matrix  characterization  method  show  contaminant  mass  storage  is  dominated  by  the  rock  matrix 
rather  than  the  fractures  and  contaminant  concentrations  in  the  fractures  and  the  matrix  are  not  in 
equilibrium.  Therefore,  the  rock  matrix  must  be  sampled  to  provide  the  overall  mass  distribution 
and  to  effectively  characterize  contaminant  transport.  Rock  matrix  characterization  can  be  used 
to  determine  contaminant  mass  and  distribution  in  the  rock  matrix  and  to  identify  hydraulically 
active  fractures  carrying  contaminants. 

Rock  matrix  characterization  results  have  been  used  for  the  following  applications: 

•  Optimization  of  placement  of  multi-level  groundwater  monitoring  systems 

•  Chlorinated  solvent  mass  “tracking”  to  identify  potential  advective  plume  migration 
pathways 

•  Contaminant  mass  discharge  assessments 

•  Remedial  action  planning 

•  Evaluation  of  remedy  effectiveness  (including  elucidating  the  extent  of  mass 
destruction  during  remediation) 
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•  Documentation  of  TI  evaluations  and  designation  of  TI  zones 

Data  from  field  testing  of  this  diagnostic  tool  at  the  Watervliet  Arsenal  confirmed  that  rock 
crushing  and  analysis  is  an  invaluable  tool  in  characterizing  contaminated  fractured  bedrock 
sites.  As  noted  above,  this  tool  entails  the  drilling,  sample  collection  and  processing,  and  sample 
laboratory  analyses,  which  add  expense  to  conventional  investigation  and  monitoring  programs 
but  provide  unique  information  that  cannot  be  obtained  with  other  methods.  Because  of  the 
potentially  high  costs  of  this  diagnostic  tool,  a  careful  value  of  information  analysis  is  needed  to 
determine  the  suitability  of  this  tool  at  a  specific  site.  In  the  past,  such  testing  has  been  essential 
in  formulating  CSMs  that  clearly  demonstrated  the  limitations  to  efficient  mass  removal  from 
fractured  rock  subsurface  environments.  However,  with  increased  knowledge  regarding  the 
distribution  of  contaminants  in  such  settings,  the  difficulty  of  mass  removal  is  better  understood. 
This  fact  may  limit  the  need  for  the  use  of  this  technology  at  some  sites. 

8.5.  Mass  Flux  Measurement 

Mass  flux/mass  discharge  is  a  measurement  of  the  mass  of  contaminants  passing  through  a 
defined  cross-sectional  area  over  time.  It  can  be  used  to  assess  the  potential  risks  of  site 
contaminants  to  downgradient  receptors  such  as  water  supply  wells  or  surface  water  bodies,  and 
perhaps  even  prioritize  sites  for  remediation.  As  an  integrated  measurement  of  source  zone  or 
plume  strength,  mass  discharge  can  be  a  key  performance  metric  for  evaluating  MNA  or  in-situ 
treatment.  Local  mass  flux  measurements  can  also  guide  remedial  progress,  ensuring  that 
sufficient  amendments  are  delivered  to  high-flux  zones.  There  are  several  different  methods  for 
measuring  mass  flux/mass  discharge,  including  synoptic  sampling  (transect  method),  steady-state 
pumping,  passive  flux  meters  (PFMs),  recirculation  flux  measurement  (RFM),  integrated 
pumping  tests  (IPTs)  and  modified  integrated  pumping  tests  (MIPTs).  Each  was  described  in 
more  detail  in  Section  5.1. 

8, 5. 1.  Field  Results  -  Mass  Flux  Measurement 

A  recent  ITRC  report  (ITRC,  2010b)  documented  mass  flux/mass  discharge  measurements  from 
65  sites,  illustrating  that  it  is  being  used  more  frequently.  For  this  ESTCP  project,  as  noted  in  this 
report,  the  field  study  at  Vandenberg  AFB,  California  compared  different  methods  for  measuring 
mass  flux/mass  discharge  (Malcolm  Pimie  et  ah,  2010).  At  Fort  Lewis,  Washington,  mass  flux 
was  used  as  a  diagnostic  tool  for  assessing  in-situ  bioremediation  (North  Wind,  2010).  At 
Watervliet  Arsenal,  mass  flux  was  used  as  a  performance  metric  for  assessing  in-situ  chemical 
oxidation  (Malcolm  Pimie  and  University  of  Waterloo,  2010).  Key  findings  from  these  field 
studies  are  summarized  below. 

Vandenberg  AFB 

Four  different  mass  flux/mass  discharge  measurement  tools  were  tested  at  Site  60,  Vandenberg 
AFB.  Synoptic  sampling  of  monitoring  well  transects  (Method  1)  was  found  to  be  accurate  and 
relatively  precise,  particularly  during  the  period  of  time  when  mass  discharge  was  high  (Malcolm 
Pimie  et  ah,  2010).  The  deployment  of  PFMs  in  a  transect  of  wells  (Method  3)  was  also  found  to 
be  relatively  accurate,  though  positively  biased  high  (i.e.,  overestimating  mass  flux)  in  both  of 
the  successful  applications  compared  with  synoptic  sampling.  However,  more  than  two 
applications  would  be  needed  to  properly  assess  this  method.  Steady-state  pumping  (Method  2) 
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significantly  underestimated  mass  flux  in  this  demonstration  due  to  an  incorrect  early  assumption 
about  the  hydraulic  properties  of  the  aquifer.  However,  the  method  would  have  been  quite 
accurate  and  preeise  if  site  knowledge  had  been  better  initially  or  if  the  test  had  been  eonducted 
in  a  step-wise  fashion  to  identify  the  ideal  extraction  rate. 

Results  from  Site  60  are  site-speeific.  However,  the  site  provided  an  ideal  research  environment, 
with  relatively  homogeneous  soils,  high  permeability,  and  well-defined  aquifer  thickness  and 
hydraulie  properties.  The  advanced  level  of  prior  site  characterization  made  it  fairly  easy  to 
measure  mass  flux/mass  diseharge.  Dense  arrays  of  monitoring  wells  (2.5  feet  apart  or  less)  were 
installed  along  several  transects  positioned  along  the  groundwater  flow  path.  An  artificially- 
produeed  bromide  plume  provided  prior  knowledge  of  the  actual  subsurface  “eontaminant”  mass. 
These  faetors  improved  the  aeeuraey  of  the  caleulated  mass  flux/mass  diseharge  values  and 
decreased  the  costs. 

Results  under  more  typical  conditions  were  evaluated  using  sensitivity  analyses.  These  illustrated 
that  the  aeeuraey  and  preeision  of  synoptic  sampling  and  PFMs  depended  on  the  well  spaeing 
and  transect  location  with  respect  to  the  plume(s).  Preeision  was  good  when  the  inter-well 
spaeing  was  less  than  the  widths  of  the  high-coneentration  portions  of  the  target  plume;  preeision 
became  poor  when  the  interwell  spacing  was  greater  than  the  sub-plume  width  (Malcolm  Pimie 
et  al.,  2010). 

Fort  Lewis 

Mass  flux  measurements  were  also  eondueted  at  Fort  Lewis,  Washington,  where  in-situ 
biodegradation  was  being  used  to  inerease  the  mass  transfer  rate  of  eontaminants  from  DNAPL 
into  the  dissolved  phase.  Mass  flux  was  used  to  assess  the  inerease  in  mass  transfer  due  to 
implementation  of  in-situ  bioremediation  using  cheese  whey  as  the  eleetron  donor  (North  Wind, 
2010). 

Mass  flux  was  measured  using  synoptie  sampling  and  PFMs.  Both  methods  demonstrated  that 
contaminant  flux  increased  during  biostimulation  compared  with  pre-injeetion  baseline  values. 
However,  groundwater  flow  veloeities  were  highly  variable  at  the  site,  leading  to  high 
uncertainty  in  mass  flux  calculations,  which  assumed  a  eonstant  horizontal  groundwater  veloeity 
(North  Wind,  2010).  PFMs  were  expeeted  to  provide  more  aceurate  data  in  this  case,  as  they 
measure  flow-weighted  contaminant  mass.  However,  PFMs  recorded  inereases  in  mass  flux  that 
corresponded  to  increases  in  groundwater  veloeity,  making  it  diffieult  to  separate  the  effects  of 
flow  variation  from  increased  mass  transfer  due  to  biostimulation. 

Watervliet  Arsenal 

In-situ  chemieal  oxidation  using  permanganate  was  conducted  at  a  DNAPL  source  area  in  a 
fraetured  roek  environment  at  Watervliet  Arsenal.  Changes  in  mass  flux  at  the  property  boundary 
over  a  five-year  treatment  period  were  used  to  assess  the  benefits  of  active  souree  treatment.  Two 
mass  flux  measurement  methods  were  used:  synoptie  sampling  along  a  well  transect  and  the  IPT 
method.  Both  methods  indieated  that  mass  discharge  did  not  significantly  decrease  as  a  result  of 
permanganate  applieation.  In  faet,  mass  flux  estimates  inereased  as  a  result  of  permanganate 
injections,  perhaps  due  to  a  decrease  in  aquifer’s  hydraulic  conductivity  as  a  result  of  testing. 
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Mass  flux  measurements  helped  the  Army  document  the  limitations  of  ISCO  at  the  site  and 
inform  the  selection  of  a  final  remedial  approach. 

When  comparing  the  two  methods  of  mass  flux  measurement,  IPX  method  may  have 
overestimated  mass  flux,  raising  questions  as  to  this  method’s  applicability  in  a  fractured  rock 
environment  (Malcolm  Pirnie  and  University  of  Waterloo,  2010).  The  baseline  mass  flux  was 
estimated  to  be  100  Ibs/year  using  the  IPX  method,  an  order  of  magnitude  greater  than  the 
estimate  of  ~10  Ibs/year  using  the  synoptic  sampling  method.  IPX  results  were  not  credible  based 
on  site  history  and  the  scale  of  operations  conducted  at  the  site.  Researchers  surmised  that  the 
IPX  method  overestimated  mass  flux  in  the  fractured  environment  because  highly-contaminated 
water  was  drawn  out  from  lower  transmissivity  zones  and  dead-end  fractures  during  active 
pumping.  IPX  is  not  commonly  used  at  fractured  rock  sites;  results  may  vary  depending  on  the 
interconnectedness  of  fractures,  pumping  rate,  and  proximity  of  the  well  to  source  areas 
(Malcolm  Pirnie  and  University  of  Waterloo,  2010). 

8.5.2.  Attributes  for  Selection 

Mass  flux/mass  discharge  measurement  is  maturing  as  a  diagnostic  tool.  Formal  attention  from 
state  regulators  and  other  IXRC  members  as  well  as  implementation  at  a  number  of  sites  (65  case 
studies  cited  in  IXRC,  2010b)  indicates  that  these  methods  are  gaining  more  widespread 
acceptance.  The  most  common  methods  being  used  include  synoptic  point  sampling  (9  sites), 
PFMs  (5  sites),  and  IPX  tests  (2  sites).  In  addition,  mass  flux  has  been  designated  as  a 
performance  metric  in  a  ROD  for  at  least  one  site  (USEPA,  2009a).  Confidence  and  acceptance 
in  mass  flux/mass  discharge  measurement  methods  will  likely  grow  among  the  environmental 
remediation  community  as  other  studies  are  conducted. 

When  considering  the  value  of  mass  flux/mass  discharge  measurement  at  a  site,  one  must  take 
into  account  site  characteristics,  including  the  geologic  setting,  depth  to  groundwater,  stability 
of  groundwater  flow,  and  previous  site  characterization.  The  efficacy  of  pumping  techniques  for 
mass  flux/mass  discharge  measurement  is  likely  limited  in  aquifers  with  low  transmissivities  and 
fractured  rock  environments.  Sites  with  a  shallow  depth  to  groundwater  are  easier  to 
characterize.  Dewatering  may  be  a  concern  if  pumping  techniques  are  used  for  mass  flux 
measurement  at  sites  with  narrow,  low-yield  aquifers.  Groundwater  flow  should  be  fairly  stable 
in  magnitude  and  direction,  so  that  flowlines  are  perpendicular  to  mass  flux  transects.  Previous 
site  characterization  (e.g.,  knowledge  of  the  plume  extent,  flow  pathways,  detailed  understanding 
of  site  geology,  geochemistry)  facilitates  the  use  of  mass  flux  measurement  methods  and 
decreases  the  cost  of  implementation. 

Mass  flux/mass  discharge  measurements  are  not  technology-specific.  They  can  be  used  in 
conjunction  with  all  types  of  in-situ  technologies  as  well  as  pump-and-treat  systems.  There  is 
also  value  in  measuring  mass  flux/mass  discharge  prior  to  selecting  a  remedial  technology. 
Finally,  mass  flux/mass  discharge  measurements  can  be  conducted  at  sites  regardless  of  whether 
NAPE  is  present  (i.e.,  downgradient  of  a  NAPE  source  zone)  or  not. 

The  ease  of  implementation  of  mass  flux/mass  discharge  measurement  methods  depends  on  site 
characteristics  and  the  level  of  prior  site  characterization.  Implementation  may  be  impeded  by 
incomplete  understanding  of  horizontal  and  vertical  flow  gradients,  variability  in  groundwater 
flowrate  and  direction,  or  incomplete  definition  of  stratigraphy.  Shifts  in  groundwater  flow 
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direction  can  cause  significant  errors  in  mass  flux/mass  discharge  measurements  using  any  of  the 
methods  described  in  this  report.  Sites  with  shifting  flow  fields  will  need  relatively  dense 
monitoring  networks  for  accurate  data  collection.  In  addition,  variations  in  the  magnitude  of 
mass  flux/mass  discharge  may  result  from  sorption/desorption  and  changes  in  biodegradation 
due  to  enhanced  mixing. 

One  question  is  whether  the  available  mass  flux/mass  discharge  measurement  methods  produce 
data  of  sufficient  accuracy  and  precision  to  improve  site  decision-making  (ESTCP,  2010). 
Factors  that  improve  the  accuracy  of  the  calculated  mass  flux/mass  discharge  values  include 
having  a  robust  CSM  of  the  subsurface  geology  and  hydrogeology,  well-defined  aquifer 
thickness  and  hydraulic  properties,  and  focused  measurements  along  several  transects  positioned 
along  the  flow  path.  Use  of  multiple  measurement  methods  enables  regulators  and  project 
managers  to  validate  or  bound  the  uncertainty  of  a  mass  flux/mass  discharge  result  (ESTCP, 
2010).  Field  tests  have  indicated  significant  uncertainties  in  mass  flux/mass  discharge 
calculations  using  PFMs  due  to  variations  in  the  device’s  sampling  zone,  which  is  strongly 
affected  by  monitoring  well  construction. 

Mass  flux/mass  discharge  can  be  measured  using  data  that  are  typically  collected  at  a  site  (e.g., 
contaminant  concentrations,  hydraulic  conductivity  values,  gradient  measurements,  pumping 
rates).  Measurements  of  mass  flux/mass  discharge  can  provide  another  set  of  data  or  evaluation 
technique  for  assessing  remedial  performance.  In  this  sense,  they  are  unique  tools. 

Absolute  and  relative  costs  of  mass  flux/mass  discharge  measurements  are  site-specific,  and 
depend  on  factors  such  as  the  degree  of  heterogeneity  in  geologic  characteristics  and  nature  and 
extent  of  the  groundwater  contamination.  Depth  of  the  plume  has  a  direct  impact  on  cost.  Cost 
considerations  for  different  mass  flux/mass  discharge  measurement  methods  were  previously 
described  in  Section  5.2.4  of  this  report.  Despite  the  potential  increase  in  site  characterization 
costs,  the  information  provided  with  this  technology  can  provide  significant  cost  savings  in  the 
future  if  the  length  of  time  that  a  remedy  operates  can  be  reduced,  thus  reducing  monitoring  costs 
and  therefore  life-cycle  costs. 

8.5.3.  Recommendations 

Mass  flux/mass  discharge  measurements  improve  site  remedial  decision-making  by  providing  a 
way  to  quantitatively  evaluate  the  strength  of  a  source  or  plume  at  a  given  time  and  location.  As 
shown  in  Table  8-6,  this  tool  can  be  used  at  different  stages  of  the  cleanup  process,  from  site 
characterization  and  CSM  development  to  achieving  long-term  monitoring  (LTM)  or  No  Further 
Action  (NFA)  status.  Recommendations  for  the  appropriate  application  of  mass  flux/mass 
discharge  measurements  include  the  following: 

Recommendation  #1:  Mass  flux/discharge  should  be  calculated  at  all  contaminated  sites 
because  it  can  be  used  to  improve  remedial  decisions  made  at  all  decision  points  during  the 
cleanup  process. 

In  aquifers  with  consolidated  media,  pre-characterizing  plumes  along  transects  can  be 
accomplished  using  low-cost  DP  tools  such  as  membrane  interface  probes,  Waterloo  Profiler,  or 
others.  Mass  discharge  quantifies  the  strength  of  sources  causing  dissolved  plumes  and  this 
variable  should  be  calculated  at  all  contaminated  sites.  Although  it  is  typically  thought  of  as  a 


127 


tool  for  evaluating  source  treatment  technologies,  mass  flux/mass  discharge  can  be  useful  for  a 
variety  of  different  cleanup  decisions,  including  the  following  (ITRC,  2010b): 

•  Site  characterization/CSM  development:  Mass  flux/mass  discharge  measurements  can 
provide  a  clearer  perspective  on  the  strength  and  average  impact  of  site  contamination 
or  contamination  from  different  source  zones,  unlike  traditional  two-dimensional 
measurements  using  groundwater  samples  from  monitoring  wells.  Mass  flux/mass 
discharge  measurements  collected  from  different  locations  or  at  different  times  can  be 
used  to  gauge  source  age  and  the  impact  of  natural  attenuation  processes. 

•  Evaluation  of  the  site  as  a  threat  to  downgradient  receptors  or  exposure  assessment: 
Mass  discharge  is  a  measurement  of  the  rate  that  dissolved  contaminants  are  flowing 
in  an  aquifer.  Consequently,  it  can  be  measured  downgradient  from  a  NAPL  source 
zone  and  used  in  risk  assessments  as  an  average  mass  of  contaminants  over  time  to 
which  downgradient  receptors  could  be  exposed. 

•  Establishment  of  remedial  action  objectives  and  performance  expectations:  Mass 
flux/mass  discharge  measurements  have  been  used  as  a  metric  for  remedy 
performance  (USEPA,  2009a).  A  decrease  in  mass  flux/mass  discharge  below  a 
threshold  value  can  be  used  as  an  indicator  of  technology  performance,  i.e., 
achievement  of  a  short-term  remedial  objective. 

•  Remedial  technology  selection  and  design:  Mass  flux/mass  discharge  measurements 
are  not  technology-specific  and  therefore  can  be  used  to  assess  a  variety  of  different 
remedies.  Mass  flux/mass  discharge  measurements  can  be  used  to  guide  remedy 
design,  e.g.,  identifying  areas  of  the  site  where  in-situ  remediation  will  provide  the 
most  benefit. 

•  Performance  monitoring  and  optimization:  Mass  flux/mass  discharge  measurements 
can  provide  a  meaningful  way  to  identify  contaminant  trends  and  their  implications, 
express  average  concentration  reductions  across  a  plume,  calculate  attenuation  rates 
and,  in  some  cases,  support  conclusions  regarding  treatment  efficacy. 

•  Long-term  monitoring  and  compliance:  At  sites  where  mass  flux/mass  discharge  is 
established  as  a  remedial  objective,  mass  flux/mass  discharge  measurements  can  be 
used  to  gauge  compliance,  progress  toward  meeting  remedial  objectives,  and 
transition  to  site  closure. 

•  Prioritization  of  sites  based  on  source/plume  strength:  As  a  measure  of  source 
strength,  mass  flux/mass  discharge  measurements  can  be  used  to  prioritize  sites  for 
remedial  action  within  a  cleanup  program  or  facility. 

Because  mass  flux/mass  discharge  measurements  can  be  used  at  multiple  stages  of  the  site 
remediation  process,  sites  that  adopt  mass  flux/mass  discharge  as  a  metric  early  in  the  cleanup 
process  will  benefit  from  the  comparative  analysis  of  this  metric  throughout  the  remediation 
process. 
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Recommendation  #2:  Consider  the  site  hydrogeologic  setting  when  selecting  the  mass 
flux/mass  discharge  measurement  method. 


Site  hydrogeology  is  an  important  faetor  determining  the  value  of  mass  flux/mass  diseharge 
measurements.  Table  8-2  summarizes  the  applieability  of  eaeh  method  in  different  hydrogeologie 
settings  (described  as  Types  I  through  V  in  a  study  of  source  zone  remediation  technologies 
(NRC,  2005)).  All  five  types  of  mass  flux/mass  discharge  measurement  methods  described  in 
this  report  work  best  in  relatively  homogeneous,  permeable,  granular  aquifers  (Type  I).  In  fine¬ 
grained  granular  materials  (Type  II),  pumping  methods  are  not  as  efficient  in  measuring  mass 
flux/mass  discharge  because  the  aquifer  material  is  resistant  to  flow;  therefore,  a  high  density  of 
pumping  wells  is  needed  for  plume  capture. 

In  highly  heterogeneous  granular  materials  (Type  III),  synoptic  point  sampling  and  PFMs  are 
acceptable  but  may  require  many  sampling  points  to  adequately  sample  the  high  mass  flux/mass 
discharge  zones.  Pre-characterization  of  the  high  mass  flux/mass  discharge  zones  using  DP 
sensors  (as  discussed  above)  allows  site  investigators  to  optimize  their  sampling  efforts  in  highly 
heterogeneous  formations.  IPTs  (both  the  original  German  method  and  the  USEPA  MIPT 
method)  are  not  very  accurate  in  highly  heterogeneous  formations  because  method  assumptions 
of  geologic  homogeneity  are  not  satisfied.  SSP  methods  may  be  acceptable  as  long  as  pumping 
reaches  steady-state  and  the  plume  is  completely  captured. 

Synoptic  point  methods  and  PFMs  may  be  used  in  highly  and  sparsely  fractured  rock  aquifers 
(Types  IV  and  V).  IPTs  can  perform  poorly  in  sparsely-fractured  rock  aquifers  because  the 
nature  of  fracture  flow  violates  the  method’s  assumptions.  Rock  that  is  highly  fractured  can  be 
considered  an  “equivalent  porous  medium”  and  IPT  methods  may  be  acceptable.  RFMs  are  still 
in  the  field  testing  stage  of  development  and  so  it  is  premature  to  list  the  applicability  of  that 
method  in  different  field  geologies. 
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Table  8-2.  Applicability  of  Mass  Flux  Measurement  Methods  in  Various  Hydrogeologic 

Settings 


Hydrogeologic 

Setting 

Synoptic 

Point 

Method 

PFM 

SSP 

RPM 

IPT/MIPT 

Granular,  High  K 
(Type  I) 

Best 

Best 

Best 

Good 

Best 

Granular,  Low  K 
(Type  II) 

Good 

Good 

Poor 

Not 

sufficiently 

tested 

Poor 

Granular,  Highly 
heterogeneous 
(Type  III) 

Good 

Good 

Good 

Not 

sufficiently 

tested 

Poor 

Fractured,  Low 
matrix  porosity 
(Type  IV) 

Good 

Good 

Good  to 
poor 

Not 

sufficiently 

tested 

Good  to 
poor 

Fractured,  High 
matrix  porosity 
(TypeV) 

Good 

Good 

Good  to 
poor 

Not 

sufficiently 

tested 

Good  to 
poor 

Recommendation  #3:  Follow  best  practices  during  field  implementation  to  increase  the 
accuracy,  usefulness,  and  cost-effectiveness  of  mass  fiux/mass  discharge  measurement 
methods. 

Best  practices  have  been  developed  based  on  experience  at  multiple  case  studies,  including 
Vandenberg  AFB  and  Fort  Lewis,  Washington  (Section  8.5.1).  Regardless  of  the  measurement 
method,  it  is  necessary  to  first  define  the  lateral  and  vertical  boundaries  of  plumes  to  ensure  that 
the  entire  mass  discharge  is  being  measured.  Multiple  transects  of  high-resolution  data  collection 
have  proven  to  be  very  effective  methods  to  quickly  define  dissolved  plumes  in  three  dimensions 
and  create  transects  for  mass  flux/mass  discharge  measurements.  Multiple  sampling  transects 
oriented  perpendicular  to  the  plume  axis  have  been  used  to  provide  a  much  clearer  understanding 
of  spatial  and  temporal  trends  in  concentrations  of  dissolved  solutes  than  conventional  networks 
of  spatially-distributed,  single-interval  monitoring  wells. 

8.6.  Compound  Specific  Isotope  Analysis 

Section  6.0  of  this  report  addressed  the  use  of  compound  specific  isotope  analysis  (CSIA).  CSIA 
is  an  analytical  technique  used  to  generate  an  isotopic  signature  or  ratio  for  different  compounds. 
Isotope  fractionation  makes  CSIA  a  useful  technique  to  distinguish  between  concentration 
decreases  due  to  degradative  versus  nondegradative  processes,  which  is  unique  information  in 
the  assessment  of  performance  of  in-situ  remedies. 
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8.6.1.  Field  Results 

CSIA  was  applied  at  Fort  Lewis  and  the  Watervliet  Arsenal  to  analyze  the  extent  of  chlorinated 
solvent  degradation  by  reductive  dehalogenation  and  by  in-situ  chemical  oxidation,  respectively. 

Fort  Lewis 

During  bioremediation  at  Fort  Lewis,  CSIA  was  performed  on  groundwater  samples  from 
selected  monitoring  wells  and  demonstrated  continued  dechlorination  of  cis-DCE  to  VC  as  the 
isotope  ratios  of  the  residual  cis-DCE  continued  to  show  an  increasing  trend  (Figure  8  1;  North 
Wind,  Inc.  2010).  Simultaneous  with  the  conversion  to  VC,  dechlorination  to  ethene  was  also 
likely  occurring.  While  no  isotope  ratio  was  measured  for  ethene,  an  increase  in  the  isotope  ratio 
of  VC  was  observed  in  three  monitoring  wells,  although  the  increase  was  not  statistically 
significant.  Enrichment  in  the  VC  isotope  ratio  suggests  either  that  its  light  isotope  carbons  were 
being  dechlorinated  to  form  the  daughter  product  ethene,  or  that  more  of  the  “heavier”  DCE  was 
being  transformed  to  VC,  or  a  combination  of  both. 

CSIA  was  useful  in  evaluating  contaminant  fate  within  the  system  at  Fort  Lewis,  although  the 
monitoring  period  was  not  sufficiently  long  to  see  the  full  benefit.  Measuring  changes  in 
concentration  of  chlorinated  solvents  by  gas  chromatography  has  historically  been  the  standard 
in  analyzing  field  samples.  However,  concentration  measurement  can  be  affected  by  many 
physical  and  transport  events,  making  it  difficult  to  attribute  concentration  changes  to 
contaminant  transformation  or  destruction.  At  sites  where  a  good  mass  balance  cannot  be 
obtained,  this  problem  is  a  serious  concern.  CSIA  has  the  advantage  that  it  is  not  affected  by 
physical  and  transport  events. 

The  mass  balance  for  cis-DCE  was  lost  once  significant  VC  and  ethene  were  produced  within  the 
test  cells.  CSIA  allowed  for  the  interpretation  of  the  isotopic  change  of  the  parent  compound 
TCE  (which  was  at  a  higher  concentration)  to  infer  the  transformation  patterns  of  the  daughter 
product  DCE.  CSIA  did  not  provide  information  regarding  the  loss  in  mass  balance  once  cis- 
DCE  was  converted  to  VC  and  ethene.  Had  the  monitoring  been  sustained  until  more  of  the  DCE 
was  transformed  to  VC  and  ethene,  it  is  likely  CSIA  would  have  been  able  to  show  the  mass 
balance  in  spite  of  the  fact  that  groundwater  concentrations  would  not  have  shown  it. 
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Figure  8-1.  Results  of  Compound  Specific  Isotope  Analysis  at  Fort  Lewis 


Feb-05  May-05  Sep-05  Dec-05  Mar-06  Jul-06 


Q  Treatment  period 

— ♦-TCE  -B-cDCE  -A- VC 

Values  Represent  the  Mean  of  All  Sampling  Points  (N=16),  Except  the  April  2006  (N=4),  Within  Two  Treatment 
Cells  and  Error  Bars  Represent  One  Standard  Deviation  (North  Wind,  Inc.,  2010) 

Watervliet  Arsenal 

CSIA  was  performed  at  the  Watervliet  Arsenal  during  a  pilot  study  (2002-2003)  and  full-scale 
application  (2004-2007)  of  ISCO  using  permanganate  in  fractured  rock.  One  limitation  of  this 
application  of  CSIA  was  timing,  because  ISCO  with  permanganate  may  degrade  contaminant 
mass  in  very  fast  timeframes  (e.g.,  on  the  order  of  hours);  seeing  an  isotopic  shift  required 
collecting  samples  impacted  by  permanganate  before  rebound  occurred  and  with  measurable 
chlorinated  solvent  concentrations.  All  CSIA  samples  collected  from  the  Watervliet  Arsenal 
were  analyzed  at  the  University  of  Waterloo. 

An  example  of  data  collected  during  the  pilot  study  is  provided  in  Table  8-3.  Significant  isotopic 
shifts  were  observed  at  location  Monitoring  Well  (MW)-65-l  on  March  7,  2002,  the  day  that 
permanganate  was  first  detected  at  this  location.  In  general,  the  extent  of  isotopic  enrichment 
increased  as  the  number  of  substituted  chlorines  decreased.  The  pilot  study  data  verified  that 
decreases  in  VOC  concentrations  were  the  result  of  contaminant  mass  destruction,  not  only 
displacement. 
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Table  8-3.  Example  Compound  Specific  Isotope  Analysis  Data  from  Watervliet  Arsenal 

Pilot  Study 


Well  ID 

Date 

Sampled 

PCE 

(ug/L) 

TCE 

(ug/L) 

c-DCE 

(ug/L) 

Carbon  Isotope  (d^^C) 

PCE  TCE  c-DCE 

(%o)  (%o)  (%o) 

MW-65-1 

20-Feb-02 

387 

166 

1356 

-30.57 

-30.03 

-31.65 

MW-65-1 

06-Mar-02 

1,961.5 

387.6 

1,948.8 

-30.86 

-34.22 

-31.76 

MW-65-1 

07-Mar-02 

1,282.6 

4.9 

210.4 

-19.48 

nd 

45.03 

MW-65-1 

18-Mar-02 

3.4 

nd 

nd 

nd 

nd 

nd 

The  primary  conclusions  drawn  from  the  pilot  study  CSIA  monitoring  were  as  follows  (note  that 
these  are  discussed  in  detail  in  Malcolm  Pimie  and  University  of  Waterloo,  2010): 

1 .  For  the  most  part,  changes  in  PCE  concentration  observed  during  the  first  two  days  of 
the  March  2002  permanganate  injection  were  the  result  of  dilution  and/or  mass 
transport  from  areas  of  high  PCE  concentration  due  to  the  pressure  front  created  by 
the  injection  process. 

2.  The  S’^C  enrichment  pattern  of  PCE  observed  at  MW-65-1  during  monitoring 
immediately  after  injection  was  a  result  of  PCE  oxidation  by  permanganate.  The 
permanganate  solution  traveled  preferentially  through  a  fracture  network  that  was 
tapped  by  that  particular  monitoring  location.  The  detection  of  permanganate  only  in 
this  monitoring  location  supported  the  isotope  data. 

3.  A  shift  to  pre-injection  5'^C  values  after  permanganate  injection  implied  that 
significant  VOC  mass  was  present  in  areas  upgradient  of  certain  monitoring  points  or 
in  the  bedrock  matrix;  this  VOC  mass  was  transported  to  the  monitoring  points  and 
sustained  elevated  concentrations  at  the  monitoring  points. 

During  the  full-scale  application  of  permanganate  at  Watervliet  Arsenal,  CSIA  data  indicated 
that  significant  carbon  isotope  enrichment  occurred  only  in  several  locations,  many  of  which  had 
lower  initial  VOC  concentrations  compared  to  the  locations  where  no  isotope  shifts  were 
discerned.  Some  relatively  low-concentration  areas  showed  d  C  values  as  high  as  +12.7%o  for 
cis-DCE  (the  pre-injection  d'^C  values  for  cis-DCE  ranged  between  -26  and  -24  %o).  In  general, 
the  full-scale  application  isotope  data  provided  information  about  the  competing  processes  of 
permanganate  oxidation  and  rebound  of  chlorinated  solvent  concentrations,  which  controlled 
chlorinated  solvent  concentrations  during  and  after  permanganate  treatment.  The  short 
timeframes  for  d'^C  values  to  return  to  pre-treatment  isotopic  signatures  indicated  that  rebound 
(whether  from  advection  or  back-diffusion  from  the  bedrock  matrix)  overwhelmed  the  ISCO 
treatments.  The  expected  isotope  trend  associated  with  oxidation  was  only  observed  at 
monitoring  locations  characterized  by  relatively  low  chlorinated  solvent  concentrations,  where 
perhaps  a  relatively  smaller  mass  of  chlorinated  solvent  was  present  in  the  shale  matrix. 
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8.6.2.  Attributes  for  Selection 

CSIA  applications  are  gaining  acceptance  for  use  at  chlorinated  solvent  sites,  complementing 
traditional  site  investigation  and  remediation  performance  monitoring  techniques.  To  date,  CSIA 
has  been  applied  most  frequently  to  carbon  isotopes,  and  CSIA  for  carbon  isotopes  can  be 
considered  a  mature  technology.  CSIA  for  other  compounds  of  interest  at  chlorinated  solvent 
sites  (e.g.,  hydrogen,  oxygen,  chlorine)  has  not  been  performed  to  the  same  extent  as  for  carbon; 
however,  this  is  a  topic  of  active  research  and  shows  promise  for  future  use  at  chlorinated  solvent 
sites. 

CSIA  analyses  are  commercially  available,  although  the  number  of  vendors  is  rather  limited. 
This  may  change  in  the  future  as  demand  for  this  tool  increases. 

Application  of  CSIA  is  generally  not  influenced  by  site  geology  or  hydrologic  conditions.  CSIA 
has  been  used  at  sites  with  consolidated  (Watervliet  Arsenal)  and  unconsolidated  (Fort  Lewis) 
media  and  found  applicable  to  both. 

CSIA  is  applicable  to  many  remedial  technologies,  including  enhanced  in-situ  bioremediation 
and  abiotic  in-situ  technologies,  as  well  as  MNA.  CSIA  is  useful  in  providing  information 
regarding  the  mechanisms  for  degradation,  which  can  be  used  to  ascertain  whether  a  remedy  is 
performing  as  designed.  Theoretically,  CSIA  could  be  applied  at  any  sites  where  reactive 
processes  in  groundwater  produce  a  change  in  the  ratio  of  stable  isotopes. 

CSIA  requires  the  collection  and  submittal  of  subsurface  samples.  It  does  not  have  complex 
requirements  and  is  therefore  implementable.  The  correct  interpretation  of  CSIA  data  requires 
knowledge  of  site  geology  and  geochemistry,  so  these  elements  must  be  accurately  characterized 
before  implementation  of  CSIA. 

At  the  two  field  sites  where  CSIA  was  used  as  part  of  this  research  project,  results  from  the 
analyses  were  of  sufficient  accuracy  and  precision  to  offer  additional  insight  into  degradation 
processes  of  chlorinated  solvents  in  groundwater.  At  Fort  Lewis,  CSIA  had  a  higher  detection 
limit  for  ethene  than  did  the  standard  GC  analysis.  While  ethene  was  detected  using 
conventional  analytical  methods,  it  was  not  detected  using  CSIA.  In  order  to  obtain  an  accurate 
isotopic  reading,  a  large  volume  of  groundwater  may  need  to  be  collected  for  reductive  daughter 
products  that  are  present  in  lower  concentrations.  When  analyzing  for  low  concentrations, 
tedious  purge-and-trap  methods  might  need  to  be  used  prior  to  analysis  to  concentrate  the 
sample.  Overall,  CSIA  data  should  complement  the  gas  chromatography  data  and  vice  versa. 
There  are  currently  no  standard  analytical  methods  for  CSIA.  Therefore,  methods  and  results  can 
be  highly  variable  among  laboratories  conducting  this  work.  It  is  important  to  use  the  same 
methods  and  laboratories  on  a  given  project  so  that  results  are  comparable.  Guidelines  to  achieve 
acceptable  data  quality  are  provided  in  Chapter  2  of  USEPA  (2008). 

CSIA  analyses  are  unique  analyses,  in  that  they  can  provide  evidence  that  chemicals  of  concern 
are  being  transformed  by  in-situ  biotic  or  abiotic  processes  as  opposed  to  concentration  changes 
due  to  dilution  or  other  physical  processes. 
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CSIA  offers  unique  data,  and  therefore  its  cost  eannot  be  directly  compared  to  other  similar 
methods.  Microseeps  is  the  only  commercial  laboratory  in  North  America  to  offer  CSIA.  They 
currently  offer  analyses  for  various  compounds  including  the  chlorinated  solvents.  The  cost 
ranges  from  approximately  $300  to  $500  per  sample,  depending  on  the  number  of  compounds  to 
be  analyzed. 

8, 6. 3.  Recommendations 

Application  of  CSIA  at  two  field  sites  as  part  of  this  project  confirmed  that  it  provides  unique, 
useful  data  for  the  analysis  of  in-situ  degradation  processes.  Recommendations  for  its  use  at 
chlorinated  solvent-contaminated  sites  are  provided  below. 

Recommendation  #1.  Use  CSIA  for  multiple  purposes  throughout  the  site  characterization 
and  remediation  process. 

CSIA  for  carbon  isotopes  may  be  applied  during  the  site  characterization,  active  remediation, 
and  long-term  monitoring  stages  of  addressing  a  chlorinated  solvent-contaminated  site.  CSIA 
does  not  always  indicate  whether  degradation  is  occurring  currently,  however;  unless  it  is  used 
during  an  active  remedy  (e.g.,  during  ISCO),  the  results  may  be  indicating  historical  degradation. 
The  applications  of  CSIA  during  site  characterization  and  remediation  were  discussed  in  detail  in 
Section  6. 1 .3  and  include  the  following: 

•  Site  characterization,  including  improvement  of  the  CSM  and  source  discrimination 

•  Qualitative  and  quantitative  evidence  for  degradation 

•  Numerical  modeling  of  contaminant  transport 

•  Performance  assessment  during  active  remediation 

•  Demonstration  of  MNA 

•  Evaluation  of  mechanisms  of  biodegradation 

•  Evaluation  of  contaminant  degradation  versus  dilution 

•  Conservative  estimation  of  extent  of  degradation 

•  Eong-term  monitoring 

As  part  of  this  project,  application  of  CSIA  at  Fort  Lewis  provided  useful  information  for 
performance  assessment  and  to  confirm  chlorinated  solvent  degradation  in  groundwater  by  ISCO 
at  some  monitoring  points.  At  Watervliet  Arsenal,  CSIA  provided  useful  data  to  prove  TCE 
biodegradation  versus  dilution  and  to  demonstrate  the  mechanism  of  biodegradation. 

Recommendation  #2.  Conduct  baseline  CSIA  measurements  and  analyses  to  confirm  that 
the  required  detection  Umits  are  achievable. 

The  determination  of  whether  CSIA  would  be  a  useful  tool  at  a  chlorinated  solvent  site  requires 
collection  of  baseline  samples  to  obtain  a  preliminary  understanding  of  fractionation  behavior  in 
contaminants  at  the  site.  Prior  to  performing  CSIA,  the  contaminant  concentrations  should  be 
analyzed  using  conventional  methods  to  ensure  that  the  CSIA  analytical  techniques  will  provide 
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adequate  sensitivity.  At  Fort  Lewis,  CSIA  had  a  higher  detection  limit  for  ethene  than  did  the 
standard  GC  analysis.  While  ethene  was  detected  using  standard  methods,  it  was  not  detected 
using  CSIA. 

A  minimum  of  two  baseline  sampling  events  are  recommended  for  sites  with  heterogeneous 
geology  or  variable  plumes  to  ensure  reproducibility  of  the  CSIA  data. 

Recommendation  #3.  Overall,  use  CSIA  data  to  complement  conventionally  generated 
analytical  data  and  vice  versa. 

CSIA  provides  unique  insights  for  interpreting  and  supplementing  contaminant  fate  and  transport 
data  obtained  using  traditional  diagnostic  tools.  It  does  not,  however,  replace  traditional  analyses 
of  constituent  concentrations  in  groundwater. 

8.7.  Molecular  Biological  Tools 

Section  7.0  of  this  report  addressed  the  use  of  molecular  biological  tools  (MBTs).  MBTs  include 
a  suite  of  assays  targeting  biomolecules  such  as  nucleic  acids  (deoxyribonucleic  acid  (DNA)  and 
ribonucleic  acid  (RNA)),  lipids,  and  proteins,  as  well  as  isotopes  to  provide  evidence  regarding 
the  composition  and/or  activity  of  microbial  communities.  These  assays  can  have  utility  in 
remediation  applications  that  rely  on  biological  degradation  mechanisms  to  attenuate 
contaminants,  including  bioremediation  and  MNA.  Detailed  descriptions  of  the  methods  for 
MBTs  were  provided  in  Section  7.2.  The  MBTs  evaluated  as  part  of  this  report  include  the 
following: 


•  Clone  libraries  (16S  rRNA  genes  and  functional  genes) 

•  CSIA 

•  DGGE 

•  Enzyme  probes 

•  FISH 

•  Microarrays 

•  PLFA 

•  Proteomics 

•  qPCR:  16S  rRNA  gene 

•  qPCR:  mRNA 

•  qPCR:  functional  gene 

•  T-RFLP 

As  a  summary  evaluation  of  CSIA  was  provided  in  Section  8.6,  CSIA  will  not  be  discussed 
further  in  this  section. 


136 


8.7.1.  Field  Results 

MBTs  were  evaluated  as  part  of  this  project  during  the  implementation  of  bioremediation  at  the 
Fort  Lewis  East  Gate  Disposal  Yard,  as  described  in  greater  detail  in  Appendix  D.  At  Fort  Lewis, 
MBTs  were  used  to  track  microbial  community  changes  in  response  to  whey  powder  injections 
in  two  bioremediation  treatment  cells  within  a  chlorinated  solvent  DNAPL  source  area.  The 
relationship  between  community  structure  and  overall  bioremediation  performance  was 
evaluated  in  order  to  determine  the  utility  of  these  methods  as  predictive  and  performance 
assessment  tools.  Below  is  a  summary  of  results  for  the  various  MBTs  applied  at  Fort  Lewis.  The 
findings  from  this  field  evaluation  were  considered  in  the  assessment  that  follows. 

•  Community-level  T-RFLP  profiling:  These  data  provided  information  regarding  the 
shift  in  predominant  bacterial  and  archaeal  populations  during  enrichment  of  a 
microbial  community  using  whey  powder.  While  T-RFLP  data  can  provide 
interesting  scientific  information  regarding  community-level  dynamics,  potentially 
including  insights  into  important  interactions  among  populations,  they  were  not 
necessary  to  make  operational  decisions  at  Fort  Lewis. 

•  qPCR  for  Dehalococcoides:  These  data  were  useful  in  evaluating  growth  and  activity 
of  these  contaminant-degrading  microbes.  First,  high  initial  concentrations  of 
indigenous  Dehalococcoides  that  included  three  reductase  genes,  followed  by  growth 
after  whey  injection,  provided  evidence  that  the  bioaugmentation  of  the  site  was 
largely  unnecessary.  In  addition,  evaluation  of  specific  strains  of  Dehalococcoides 
that  were  native  to  the  site,  and  not  present  in  the  bioaugmentation  culture,  verified 
that  native  Dehalococcoides  were  enriched  during  the  biostimulation.  Evaluation  of 
qPCR  data  with  contaminant  and  geochemical  data  was  useful  in  evaluating 
conditions  necessary  to  enrich  and  maintain  a  Dehalococcoides  population  capable  of 
efficient  degradation  to  ethene.  These  data  were  used  to  determine  key  environmental 
factors  that  impaired  contaminant-degrading  efficiency  (i.e.,  pH<6.0).  These  data  can 
be  directly  used  to  define  key  operational  criteria  for  optimization  and  maintenance  of 
an  efficient  bioremediation  strategy. 

•  FISH  for  Dehalococcoides'.  FISH  was  essentially  redundant  to  qPCR  data  for 
Dehalococcoides.  In  addition,  FISH  has  not  been  developed  for  chlorinated  solvent 
reductase  genes  bvcA,  vcrA,  and  tccA,  and  the  technique  is  more  difficult  to  perform, 
requires  relatively  specialized  expertise,  and  is  not  commercially  available. 

•  qPCR  for  methanogenic  populations:  While  these  data  are  useful  from  a  scientific 
standpoint,  they  were  not  used  to  make  operational  decisions  at  Fort  Lewis.  However, 
these  results  are  consistent  with  Macbeth  et  al.  (2004)  in  suggesting  that  competition 
for  hydrogen  between  dechlorinators  and  methanogens  is  not  a  significant  concern  for 
optimizing  electron  donor  injection  strategies  at  these  particular  field  sites.  For  Fort 
Lewis,  the  use  of  chemistry  data  for  methane  was  sufficient  to  verify  that  methane- 
producing  conditions  necessary  for  efficient  growth  and  activity  of  Dehalococcoides 
were  present. 

•  FISH  for  methanogenic  populations:  Similar  to  qPCR  for  methanogenic  populations, 
these  data  are  useful  from  a  scientific  standpoint,  but  were  not  used  to  make 
operational  decisions  at  Fort  Lewis. 
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8. 7.2.  Attributes  for  Selection 

An  evaluation  of  the  attributes  relevant  to  a  VOI  analysis  for  MBTs  follows. 

MBTs  have  varying  degrees  of  technology  maturity.  Many  molecular  tools  were  only  first  field- 
tested  during  this  project.  While  most  MBTs  are  not  commercially  available,  qPCR  for  the  16S 
rRNA  gene  is  commercially  available  for  a  few  key  organisms  (e.g.,  Dehalococcoides  spp.  and 
methanogens),  qPCR  for  functional  genes  is  commercially  available  for  a  few  key  genes  (e.g., 
reductive  dehalogenase  genes,  sulfate  reductase),  and  DGGE/T-RFLP  community  analyses  are 
commercially  available.  Ongoing  projects  funded  through  SERDP  and  ESTCP  (e.g.,  ER-1683, 
ER-1587,  and  ER-200708)  are  researching  improvements  for  use  of  MBTs  at  chlorinated 
solvent-contaminated  sites. 

Application  of  MBTs  is  generally  not  influenced  by  site  geology  or  hydrologic  conditions. 

MBTs  are  only  applicable  for  in-situ  remedial  processes  involving  microbial  transformations, 
such  as  bioremediation  and  MNA. 

The  implementability  of  MBTs  depends  partly  upon  the  ease  and  feasibility  of  obtaining 
representative  samples  from  the  subsurface.  Methods  for  obtaining  samples  for  MBTs  have  not 
been  standardized.  Once  samples  have  been  obtained,  molecular  analyses  can  be  conducted  by 
research  or  university  laboratories,  and,  in  some  cases,  by  commercial  laboratories.  Generally, 
the  widespread  use  of  MBTs  other  than  qPCR  for  Dehalococcoides  and  reductive  dehalogenase 
genes  is  limited  by  logistical  issues  such  as  the  lack  of  standardized  methods  and  the  limited 
number  of  commercially  available  labs. 

Based  on  field  trials  and  evaluation,  the  qPCR  technology  provides  sufficient  detection  limits, 
accuracy,  and  precision  for  application  to  biological  processes  at  chlorinated  solvent  sites. 
While  MBTs  are,  in  general,  accurate,  many  of  the  analyses  are  non-specific,  fingerprinting  tools 
(DGGE,  PLEA,  and  T-RFLP),  provide  only  qualitative  or  semi-quantitative  information 
(proteomics  and  microarrays),  or  have  other  limitations  that  preclude  their  widespread  use. 
Community  fingerprinting  analyses  (DGGE  and  T-RFLP)  are  not  comprehensive,  provide  only 
relative  indications  of  diversity  and  abundance,  and  must  be  combined  with  other  analyses  (e.g., 
PCR  or  clone  libraries)  to  actually  identify  detected  organisms.  Currently,  only  limited 
availability  of  global  microorganism  microarrays  exists,  and  the  information  obtained  from 
microarrays  is  only  as  comprehensive  as  the  number  of  species/gene  targets  that  are  present  on 
the  array.  The  comprehensiveness  of  clone  libraries  depends  on  the  number  of  genes  that  are 
sequenced,  which  is  in  turn  constrained  by  cost.  While  FISH,  EAPs,  and  proteomics  are  accurate, 
their  use  is  significantly  limited  by  commercial  availability  and  cost.  PLFA  can  provide 
indications  regarding  general  biomass  and  community  structure,  but  it  is  generally  non-specific; 
it  does  not  provide  information  on  key  populations  of  interest  to  chlorinated  solvent 
biodegradation  (i.e.,  contaminant-degrading  populations  such  as  Dehalococcoides). 

MBTs  provide  unique  data  regarding  microbial  community  structure  and  potential  functions 
that  cannot  be  obtained  by  any  other  diagnostic  tool.  However,  as  discussed  in  Section  7.0, 
routine  geochemical  data  (e.g.,  dissolved  nitrate,  iron,  sulfate,  and  methane  concentrations)  and 
analyses  of  degradation  products  from  a  site  can  serve  as  indirect  but  reliable  and  informative 
evidence  for  microbial  reactions.  For  chlorinated  solvent  sites,  qPCR  analyses  of  organisms  (16S 
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rRNA  gene)  and  funetional  genes  ean  provide  valuable,  unique  information  for  troubleshooting 
enhanced  reductive  dechlorination  and  can  provide  additional  information  to  support  conclusions 
regarding  microbial  activity.  However,  they  are  best  used  in  combination  with  geochemical  data 
and  only  when  geochemical  data  are  insufficient  to  address  all  performance  assessment  issues.  In 
addition,  MBTs  have  only  limited  ability  to  quantify  contaminant  attenuation  rates  relative  to 
standard  approaches,  which  limits  their  decision-making  impact.  Geochemical  data  and  CSIA 
can  be  coupled  with  hydraulic  modeling  to  better  evaluate  attenuation  rates  controlled  by 
biodegradation. 

The  criterion  of  comparative  cost  is  not  directly  applicable  to  MBTs  because  they  provide 
unique  data  that  cannot  be  provided  by  other  techniques.  However,  the  additional  expenditure 
required  for  MBTs  should  be  weighed  against  the  usefulness  of  the  information  they  could 
potentially  provide.  DGGE/T-RFLP  microbial  community  analyses  cost  approximately  $3  00- 
400/target/sample,  for  example,  and,  without  additional  analyses,  are  only  a  screening  tool  and 
do  not  provide  identification  of  microorganisms  of  interest.  The  cost  of  qPCR  analyses  ($75- 
250/target/sample)  is  more  reasonable,  and  those  analyses  target  specific,  key  processes  or 
populations  of  interest  (e.g.,  cometabolic  oxidation  and  Dehalococcoides). 

8. 7.3.  Recommendations 

MBTs  provide  unique  information  that  facilitates  the  performance  assessment  and  process 
optimization  of  bioremediation  and  natural  attenuation  of  chlorinated  solvents,  and  their  use  has 
provided  important  insights  in  research  settings.  Many  of  the  MBT  methods,  however,  are  time¬ 
intensive,  specialized,  qualitative  and  in  many  cases  not  commercially  available.  The  results  of 
this  project  therefore  support  the  limited  use  of  specific  MBTs  for  application  to  remediation  of 
chlorinated  solvents,  as  described  below  in  specific  recommendations. 

Recommendation  #1:  Use  qPCR  at  chlorinated  solvent  sites  to:  (1)  decide  whether  to 
bioaugment,  (2)  troubleshoot  engineered  bioremediation  or  monitored  natural  attenuation, 
or  (3)  provide  a  supporting  line  of  evidence  for  biodegradation. 

Compared  to  other  MBTs  evaluated  during  this  project,  qPCR  has  several  advantages,  including 
being  quantitative,  commercially  available,  and  specific  to  organisms/genes  of  particular 
relevance  to  chlorinated  solvent  sites.  qPCR  provides  direct  evidence  quickly  and  relatively 
cheaply  regarding  the  presence  of  contaminant-degrading  populations,  including 
Dehalococcoides  species.  Dehalococcoides-s^QC\f\c  qPCR  is  effective  at  determining  the 
presence  of  known,  native  populations  at  a  site  and  can  support  the  decision  whether  to 
bioagument.  In  addition,  qPCR  also  allows  evaluation  of  Dehalococcoides  in  response  to 
bioremediation  operations  and  provides  data  to  troubleshoot  any  conditions  that  may  be 
adversely  impacting  Dehalococcoides  growth  and  activity  (e.g.,  low  pH  or  unsuitable  redox 
conditions). 

For  analysis  of  bioremediation  or  natural  attenuation  at  chlorinated  solvent  sites,  qPCR  of 
specific  organisms  such  as  Dehalococcoides  and  functional  genes  such  as  reductive 
dehalogenases  can  provide  a  supporting  line  of  evidence  for  sustainable  biodegradation,  in 
combination  with  geochemical  data  and  other  potential  lines  of  evidence. 
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Recommendation  #2:  Evaluate  standard  geochemical  parameters  in  groundwater  before 
using  MBTs  for  information  for  characterization  and  for  troubleshooting  many  operational 
issues  related  to  biodegradation  of  chlorinated  solvents. 

Evaluation  of  groundwater  chemistry,  including  contaminants  and  degradation  products,  can  be 
used  to  identify  whether  native  contaminant-degrading  populations  are  present  at  a  site,  to 
identify  whether  contaminant-degrading  populations  are  active  at  a  site,  and  to  determine 
whether  processes  or  conditions  limiting  biodegradation  rates  could  be  optimized  to  facilitate 
achieving  RAOs.  If  the  extent  of  degradation,  reaction  pathways,  and  reaction  rates  can  be 
elucidated  from  aqueous  geochemical  analyses,  MET  data  may  be  unnecessary.  However,  qPCR 
data  could  be  useful  in  some  instances  for  troubleshooting  reaction  rates  that  are  not  sufficient  to 
achieve  objectives. 

Recommendation  #3:  Do  not  conduct  routine  molecular  evaluation  of  methanogenic 
populations  unless  site-specific  conditions  require  detailed  evaluation  of  these  populations. 

Methane  generation  during  bioremediation  may  be  viewed  as  a  potential  concern  because  of 
undesirable  secondary  water  quality  impacts.  Evaluation  of  groundwater  chemistry,  including 
concentrations  of  methane,  can  be  used  to  evaluate  this  issue.  Generally,  MET  data  would  be 
unnecessary  as  part  of  the  evaluation,  but  the  potential  exists  that  they  may  be  useful  to  develop  a 
strategy  to  mitigate  methane  production  rates  by  favoring  specific  pathways. 

Methanogenic  activity  has  historically  also  been  of  interest  because  of  potential  competition 
between  methanogens  and  Dehalococcoides  for  hydrogen.  The  results  from  FISH  and  qPCR 
analyses  of  methanogens  at  Fort  Lewis  are  consistent  with  Macbeth  et  al.  (2004)  in  suggesting 
that  competition  for  hydrogen  between  dechlorinators  and  methanogens  is  not  a  significant 
concern  for  optimizing  electron  donor  injection  strategies  at  these  particular  field  sites.  For  Fort 
Lewis,  the  use  of  chemistry  data  for  methane  was  sufficient  to  verify  that  methane-producing 
conditions  necessary  for  efficient  growth  and  activity  of  Dehalococcoides  were  present. 

8.8.  Summary 

This  report  has  discussed  a  wide  range  of  innovative  diagnostic  tools  for  characterization  and 
remedial  performance  assessment  at  chlorinated  solvent-contaminated  sites.  The  uncertainty 
faced  by  practitioners  while  making  decisions  regarding  remediation  at  such  sites  is  a  significant 
challenge,  as  is  the  decision  of  whether  to  expend  additional  resources  to  use  one  or  more  new 
diagnostic  tools  to  decrease  that  uncertainty.  This  project  was  an  effort  to  test  certain  tools  and 
then  develop  qualitative  guidelines  regarding  the  value  of  information  provided  by  diagnostic 
tools.  A  summary  of  the  evaluation  of  attributes  of  the  tools  relevant  to  a  value  of  information 
analysis  is  provided  in  Table  8-4. 
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Table  8-4.  Summary  of  Evaluation  of  Value  of  Information  Attributes 


Attribute 

Multi-level 
monitoring  systems 

Rock  matrix 
characterization 

MF/MD 

CSIA 

MBTs 

Maturity  of  the 
tool 

Mature;  commercially 
available 

Mature;  commercially 
available 

Maturing;  some  tools 

commercially 

available 

Mature;  commercially 
available 

Variable  among  tools; 
some  tools 
commercially 
available 

Applicability  to 
site 

characteristics 

Applicable 

Applicable  to 
consolidated  media 

Consider  site 

characteristics 

carefully 

Applicable 

Applicable 

Applicability  to 
specific  in-situ 
technology 

May  be  incompatible 
with  certain  oxidants 
or  high  temperatures 

Applicable 

Applicable 

Applicable  to 
bioremediation,  abiotic 
in-situ  treatment  (e.g., 
chemical  oxidation), 
MNA 

Applicable  to 
processes  involving 
biological 
transformations 

Ease  of 

implementation 

Generally 

implementable 

Involves  significant 
time  and  effort 

Depends  on  site  and 
level  of  prior 
characterization 

Implementable 

Some  tools  limited  by 
logistical  issues  (e.g., 
lack  of  standardized 
methods) 

Detection  limits, 
accuracy,  and 
precision 

More  precise  than 
conventional 
monitoring;  several 
variables  impact 
accuracy 

Sufficient  for 
chlorinated  solvents  in 
fractured  rock 

Depends  on  accuracy 
of  prior 

characterization; 
mixed  results 
regarding  PFMs 

Some  variability; 
important  to  follow 
guidelines  to  achieve 
acceptable  data  quality 

Sufficient  for  some 
tools  (e.g.,  PCR);  other 
tools  are  qualitative 

Uniqueness  of 
data 

Unique 

Unique 

Unique 

Unique 

Unique 

Cost 

Short-term  costs  likely 
to  result  in  long-term 
savings 

NA;  provides  unique 
data 

Site-specific 

NA;  provides  unique 
data 

NA;  provides  unique 
data 

NA  =  not  applicable 
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A  summary  of  recommendations  for  each  of  the  tools  is  provided  in  Table  8-5.  When 
implemented  according  these  recommendations,  the  tools  evaluated  in  this  project  can  provide 
sufficient  value  of  information  for  decision-making  to  justify  the  additional  investment  beyond 
conventional  characterization  and  performance  assessment. 

Table  8-5.  Recommendations  for  Application  of  Innovative  Diagnostic  Tools  at  Chlorinated 

Solvent-Contaminated  Sites 


Diagnostic  Tool 

Recommendations 

Multi-Level  Monitoring 
Systems 

•  Use  MLM  systems  for  vertical  delineation  of  hydrogeologic 
properties  and  contaminant  concentrations,  particularly  at  sites 
with  subsurface  heterogeneity. 

•  Balance  relevant  criteria  for  the  selection  of  the  most 
appropriate  MLM  system  for  a  given  site. 

Rock  Matrix 

Characterization 

•  Consider  rock  matrix  characterization  as  a  characterization 
tool  at  consolidated  sites,  but  carefully  weigh  the  potential 
value  of  information  collected  from  the  technique  against  its 
cost. 

Mass  Flux  Measurement 

•  Mass  flux/discharge  should  be  calculated  at  all  contaminated 
sites,  if  possible,  because  it  can  be  used  to  improve  remedial 
decisions  made  at  various  stages  of  the  cleanup  process. 

•  Consider  the  site  hydrogeologic  setting  when  selecting  the 
mass  flux/mass  discharge  measurement  method. 

•  Follow  best  practices  during  field  implementation  to  increase 
the  accuracy,  usefulness,  and  cost-effectiveness  of  mass 
flux/mass  discharge  measurement  methods. 

Compound  Specific  Isotope 
Analysis  (CSIA) 

•  Use  CSIA  for  multiple  purposes  throughout  site 
characterization  and  remediation. 

•  Conduct  baseline  CSIA  measurements  and  analyses  to  confirm 
the  required  detection  limits  are  achievable. 

•  Overall,  use  CSIA  data  to  complement  conventionally 
generated  anal5dical  data  and  vice  versa. 

Molecular  Biological  Tools 

•  Use  qPCR  at  chlorinated  solvent  sites  to:  (1)  troubleshoot 
engineered  bioremediation  or  monitored  natural  attenuation,  or 
(2)  provide  a  supporting  line  of  evidence  for  biodegradation. 

•  Evaluate  standard  geochemical  parameters  in  groundwater 
before  using  MBTs  for  information  for  characterization  and  for 
troubleshooting  many  operational  issues  related  to 
biodegradation  of  chlorinated  solvents. 

•  Do  not  conduct  routine  molecular  evaluation  of  methanogenic 
populations  unless  site-specific  conditions  require  detailed 
evaluation  of  these  populations. 

Table  8-6  summarizes  the  applicability  of  innovative  diagnostic  tools  for  various  stages  of  the 
remedial  decision-making  process,  based  on  the  value  of  information  provided  by  the  tool  for 
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each  decision-making  point.  The  attributes  relevant  to  the  determination  of  value  of  information 
were  qualitatively  evaluated  in  the  preceding  sections  for  each  tool.  Because  of  the  extent  of 
uncertainty  related  to  the  multiple  attributes,  the  evaluation  in  Table  8-6  is  based  on  professional 
judgment,  in  addition  to  the  results  of  the  field  testing  of  this  project  and  results  from  other  field 
sites  with  which  the  authors  are  familiar. 

Table  8-6.  Applicability  of  Innovative  Diagnostic  Tools  at  Chlorinated  Solvent  Sites 


Remedial  Decision 

Multi-level 

monitoring 

Rock 

matrix 

MF/MD 

CSIA 

MBTs 

Pre-remedy 

characterization  and  CSM 
development 

5 

5 

5 

4 

2 

Selection  of  remedial 
technologies 

4 

4 

3 

1 

3 

Performance  assessment 

4 

3 

4 

4 

3 

Process  modification/ 
optimization 

4 

1 

3 

3 

3 

Confirming  degradation 
processes 

2 

1 

1 

5 

4 

Estimating  risks  to 
receptors 

4 

1 

4 

1 

1 

Transition  to  LTM  or  NFA 

4 

1 

4 

3 

3 

Note:  1  =  Not  applicable,  5  =  Extremely  useful  and/or  applicable 


While  Table  8-6  provides  guidance  regarding  the  applicability  of  diagnostic  tools  for  various 
stages  of  the  decision-making  process  for  remediation  at  chlorinated  solvent  sites,  there  are  many 
factors  to  consider  in  the  selection  of  the  most  appropriate  and  informative  tools.  These  factors 
have  been  discussed  throughout  this  report.  In  each  case,  therefore,  the  selection  and  use  of 
diagnostic  tools  will  be  site-specific.  However,  this  report  provides  relevant  criteria  to  consider 
during  the  selection  decision,  as  well  as  evaluation  of  the  criteria  for  each  tool.  Contact 
information  for  vendors  for  the  diagnostic  tools  evaluated  in  this  study  is  provided  in  Appendix 


B. 
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E-mail 

Michael  Kavanaugh 

Malcolm  Pimie,  Inc. 

Geosyntec  Consultants 

475  14th  St.,  Suite  400 

Oakland,  CA  94612 

P:  510-285-2766 

F:  510.836.3036 
mkavanaugh(®geosvntec.com 

Rula  Deeb 

ARC  ADIS  Malcolm  Pimie 

2000  Powell  Street,  7^^  Floor 

Emeryville,  CA  94608 

P:  510-596-9596 
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rdeeb(®pimie.com 
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Lisa  Alvarez-Cohen 

Civil  and  Environmental  Engineering 
Department 
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Michael  Annable 
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217  AP  Black  Hall 

PO  BOX  116450 
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John  Cherry 

Department  of  Earth  Sciences 

University  of  Waterloo 

Waterloo  ON  N2L  3G1 
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Murray  Einarson 

AMEC  Geomatrix 

2101  Webster  Street,  12th  FI. 
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P:  510-663-4209 
Murrav.Einarson®amec.com 

Ken  Goldstein 

The  Louis  Berger  Group 

565  Taxter  Road,  Suite  510 

Elmsford,  NY  10523 

P:  914-592-1734 

F:  914-798-3714 
kgoldstein®  louisber  ger .  com 

Mark  Goltz 

Department  of  Systems  and  Engineering 
Management 

Air  Force  Institute  of  Technology  2950 
Hobson  Way 
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P:  937-255-3636,  x4638 
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Mark.  Goltz®  afit.edu 

Kirk  Hatfield 

Department  of  Civil  and  Coastal 
Engineering 

University  of  Florida 

P.O.  Box  116580 

Gainesville,  FL  3261 1-6580 

P:  352-392-3795,  xl401 

F:  352-392-3394 
khatf®ce.ufl.edu 

Douglas  Mackay 

Department  of  Land,  Air  &  Water 
Resources 

University  of  California,  Davis 

Davis,  CA  95616 

P:  650-324-2809 

F:  650-618-1571 
dmmackav®ucdavis.edu 

Tamzen  Macbeth 

Camp  Dresser  &  McKee,  Inc. 
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39  Edwin  Street 

Guelph,  Ontario,  Canada  NIH  2E1 
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F:  519-836-0227 
bDarkerfi)uosuelDh.ca 
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Purdue  University 
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PRODUCT 

VENDOR 

CONTACT 

Groundwater 

FLUTeTM 

Flexible  Liner 

Underground 

Technologies,  EEC 

http  ://www.  flut.  com/about. html 

CMT®  System 

Solinst  Canada 

httD://www.solinst.com/Prod/403/403.html 

Waterloo  System 

Solinst  Canada 

http  ://www.  solinst.  com/Prod/40 1/40 1  dl  .html 

Westbay  System 

Schlumberger  Water 
Services 

http  ://www.  sib  .com/services/additional/water/ monit 

oring/multilevel  well  svstem.aspx 

ZISTTM  System 

BESST  Inc. 

http://www.besstinc.com/ 

COREDFNTM 
(Characterization  of 
Rock  Environments  - 
Discrete  Fracture 
Network  Approach) 

Stone  Environmental,  Inc. 

http://bio.stone-env.com/profiling/index.php 

Passive  Flux  Meter 

Enviroflux,  EEC 

www.enviroflux.com 

Compound  Specific 
Isotope  Analysis 

Microseeps 

http://www.microseeps.com/html/specialtv.html 

PLFA 

Microbial  Insights,  Inc. 

http://www.microbe.com/services.html 

qPCR 

Microbial  Insights,  Inc. 

http://www.microbe.com/services.html 

qPCR 

SiREM 

http://www.siremlab.com/moleculargeneticsvc.html 

SIP 

Microbial  Insights,  Inc. 

http://www.microbe.com/services.html 

DGGE 

Microbial  Insights,  Inc. 

http://www.microbe.com/services.html 
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APPENDIX  C.  OVERVIEW  OF  IMPORTANT  BIOLOGICAL 
REMEDIATION  PROCESSES 

In  order  to  understand  the  utility  of  MBTs,  a  basie  understanding  of  biologieal  processes 
that  are  being  monitored  is  necessary  to  provide  context  to  the  discussion.  Therefore,  a 
brief  overview  of  biological  processes,  including  biodegradation  mechanisms  and  water 
quality  impacts  associated  with  bioremediation  of  chlorinated  solvent  contaminants,  is 
provided.  Other  references  (e.g.,  Stroo  and  Ward,  in  press)  provide  greater  detail. 

Contaminant  Biodegradation 

Numerous  mechanisms  have  been  described  for  chlorinated  solvent  biodegradation, 
although  the  feasibility,  rate,  and  extent  of  each  is  highly  variable,  and  depend  on 
prevailing  geochemical  conditions  within  the  environment  and  type  of  chlorinated 
compound(s)  present.  Generally,  four  broad  categories  can  be  defined  based  on  evidence 
for  the  mechanism:  1)  aerobic  oxidation,  2)  aerobic  cometabolism,  3)  halorespiration  and 
4)  anaerobic  cometabolism.  Each  of  these  is  discussed  individually  below. 

Aerobic  oxidation 

Microorganisms  obtain  energy  for  growth  and  maintenance  through  coupled  oxidation- 
reduction  reactions  involving  the  transfer  of  electrons  from  an  electron  donor  to  an 
electron  acceptor  (AFCEE,  2004;  He  et  ah,  2007).  Organic  contaminants  can  be 
transformed  via  normal  catabolic  pathways  (i.e.,  aerobic  oxidation)  in  microorganisms 
based  on  their  suitability  as  growth  substrates.  Highly  chlorinated  compounds  (e.g.,  PCE) 
are  highly  oxidized,  and  thus  cannot  be  utilized  by  microorganisms  as  a  food  source  in 
energy-yielding,  biological  reactions;  this  makes  traditional  aerobic  growth-linked 
bioremediation  infeasible.  As  a  result,  higher-chlorinated  ethenes,  such  as  PCE  and  TCE, 
have  historically  been  considered  recalcitrant  in  aerobic  aquifers. 

Substantial  evidence  exists  for  aerobic  oxidation  of  less-chlorinated  ethenes,  however, 
such  as  VC  and,  to  a  lesser  extent,  cis-l,2-DCE.  Bacteria  demonstrated  to  assimilate  VC 
directly  in  energy-yielding  aerobic  reactions  include  various  Mycobacterium  spp. 
(Coleman  and  Spain,  2003;  Hartmans  and  De  Bont,  1992),  Norcardioides  sp.  strain 
JS614  (Coleman  et  ah,  2002b),  Pseudomonas  sp.  strain  DLl  (Verce  et  ah,  2001), 
Pseudomonas  aerugenosa  strain  MFl  (Verce  et  ah,  2000),  Pseudomonas putida  strain 
AJ,  Ochrobactrum  sp.  strain  TD  (Danko  et  ah,  2004),  dead  Ralstonia  sp.  strain  TRW-1 
(Elango  et  ah,  2006).  All  of  these  bacteria,  except  Ralstonia,  have  been  demonstrated  to 
facilitate  VC  oxidation  through  involvement  of  alkene  monooxygenase  and 
epoxyalkane:coenzyme  M  transferase,  for  which  the  encoding  genes  are  located  on  a 
plasmid,  and  molecular  tools  have  been  developed  to  target  these  genes  (Coleman  et  ah, 
2002b;  Mattes  et  ah,  2007;  Mattes  et  ah,  2005).  The  only  known  bacterium  demonstrated 
to  oxidize  cis-l,2-DCE  aerobically  in  an  energy-yielding  reaction  is  Polaromonas  sp. 
strain  JS666  (Coleman  et  ah,  2002a). 
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Aerobic  cometabolism 

Although  direct  aerobic  oxidation  of  higher  chlorinated  ethenes  does  not  occur,  aerobic 
mechanisms  exist  through  which  contaminant  attenuation  has  been  demonstrated.  Many 
aerobic  microorganisms  cometabolize  highly  oxidized  solvents  (e.g.,  TCE)  through 
fortuitous  transformation  by  enzymes  that  target  other  primary  substrates.  Cometabolism 
requires  the  presence  of  substrates  that  induce  the  enzymes  for  transformation  of 
contaminants  to  occur.  In  addition,  contaminant  transformation  is  a  competitive  process 
with  the  primary  function  of  the  enzyme;  thus,  the  organism  does  not  benefit,  and  is 
sometimes  harmed,  by  the  cometabolic  reaction.  A  variety  of  bacteria  can 
cometabolically  degrade  TCE,  cis-DCE,  trans-DCE,  and  VC  via  oxygenase-catalyzed 
reactions,  including  bacteria  that  oxidize  ammonia,  methane,  benzene,  propane,  butane, 
or  toluene  as  natural  growth  substrates  (Anderson  and  McCarthy,  1997;  Arp  et  ah,  2001; 
Henrysson  and  McCarthy,  1993;  Alvarez-Cohen  and  Speitel,  2001;  Alvarez-Cohen  et  ah, 
1992).  Cometabolic  oxidation  has  been  considered  a  potential  mechanism  contributing  to 
the  natural  attenuation  of  chlorinated  ethenes  in  aerobic  subsurface  environments  and 
may  be  of  substantial  importance  in  contributing  to  MNA  at  contaminated  groundwater 
sites  (Lee  et  ah,  2008a;  Wymore  et  ah,  2007;  Sorenson  et  ah,  2000).  In  addition, 
bioremediation  strategies  focused  on  stimulating  these  mechanisms  have  also  been 
demonstrated  (Semprini,  1997),  although  active  bioremediation  strategies  have  largely 
shifted  to  focus  on  halorespiration,  due  largely  to  easier  implementation. 

Halorespiration 

To  date,  the  most  common  engineered  approach  for  bioremediation  of  chlorinated 
solvents  has  focused  on  anaerobic  reductive  dechlorination,  also  termed  chlororespiration 
or  halorespiration,  a  process  wherein  anaerobic  microorganisms  use  chlorinated  solvents 
as  metabolic  electron  acceptors  for  energy  generation  (Maymo-Gatell  et  ah,  1997; 
Holliger  et  ah,  1999;  Loffler  et  ah,  1999).  This  process  is  a  strictly  anaerobic  process  in 
which  the  chlorine  atoms  are  sequentially  removed,  as  electrons  and  hydrogen  are  added, 
resulting  in  production  of  lesser-chlorinated  and  non-chlorinated  daughter  products  (e.g., 
TCE  is  sequentially  reduced  to  cis-DCE,  VC,  and  ultimately  ethene). 

Several  microorganisms  capable  of  halorespiration  have  been  isolated  from  contaminated 
and  pristine  sites.  Theses  populations  are  generally  strict  anaerobes  and  can  be  separated 
into  two  groups.  The  first  are  those  capable  of  reductive  dechlorination  of  PCE  or  TCE  to 
cA-DCE,  including  a  number  of  phylogenetic  groups  such  as  Desulfuromonas  sp.  strain 
BBl,  Desulfuromonas  chloroethenica,  Sulfurospirillum  multivorans,  Dehalobacter 
restrictus  strains  PER-K23A  and  TEA,  Enterobacter  sp.  Strain  MSI,  and 
Desulfitobaccterium  sp.  strain  PCE-S  (Holliger  et  ah,  1999).  Hydrogen  is  generally  an 
electron  donor  for  these  organisms,  except  for  Desulfuromonas  sp.  strain  BBl  and 
Desulfuromonas  chlorethenica,  which  require  acetate  to  support  reductive  dechlorination 
of  TCE.  The  second  group  is  capable  of  complete  reductive  dechlorination  of  TCE  to 
ethene,  and  only  includes  the  obligatory  hydrogenotrophic  genus  Dehalococcoides  (Sung 
et  ah,  2006;  Cupples  et  ah,  2003;  He  et  ah,  2003;  Maymo-Gatell  et  ah,  1999).  In  addition, 
the  presence  of  this  genus  Dehalococcoides  has  been  linked  to  the  ability  to  perform 
complete  dechlorination  at  chloroethene-contaminated  field  sites  (Hendrickson  et  ah, 
2002).  Therefore,  bioremediation  strategies  increasingly  target  Dehalococcoides  for 
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growth  and  activity  through  biostimulation  or  bioaugmentation  (Rahm  et  ah,  2006a; 
Major  et  ah,  2002;  Maebeth  et  ah,  2004). 

Different  strains  of  Dehalococcoides,  however,  vary  in  their  eapacity  for  reductive 
dechlorination.  For  instance,  Dehalococcoides  ethenogenes  strain  195  reduces  TCE,  cis- 
DCE,  1,1 -DCE,  1,2-  DC  A,  various  chlorinated  benzenes,  phenols,  dioxins,  naphthalenes, 
biphenyls  (Maymo-Gatell  et  ah,  1997;  Fennell  et  ah,  2004),  and  VC  in  energy-yielding 
reactions,  but  only  reduces  VC  to  ethene  in  a  eometabolie  reaetion,  whieh  may  result  in 
VC  accumulation  in  the  field  (Maymo-Gatell  et  ah,  1997;  Magnuson  et  ah,  1998). 
Dehalococcoides  strain  CBDBl  degrades  chlorobenzene,  dibenzo-p-dioxins,  and 
ehlorophenol  (Adrian  et  ah,  2007;  Bunge  and  Lechner,  2009),  but  does  not  degrade 
ehlorinated  ethenes.  Dehalococcoides  strain  VS  reduces  cis-DCE  and  VC  (Cupples  et  ah, 
2003;  Muller  et  ah,  2004),  and  strain  GT  degrades  TCE,  eis-DCE,  and  VC  (Sung  et  ah, 
2006).  Finally,  Dehalococcoides  strain  BAVl  reduees  cis-DCE,  trans-l,2-DCE,  1,1- 
DCE,  vinyl  bromide,  1,2-DCA,  and  VC  to  ethane  (Krajmalnik-Brown  et  ah,  2004;  He  et 
ah,  2003).  Therefore,  while  Dehalococcoides  spp.  are  often  evaluated  as  indicator  species 
for  the  potential  for  reduetive  degradation  of  chlorinated  solvents,  the  presenee  or 
absenee  of  different  strains  dietates  the  type  and  extent  of  deehlorination  reaetions  that 
might  occur. 

Anaerobic  cometabolism 

Anaerobic  cometabolism  of  less  chlorinated  ethenes,  such  as  cis-DCE  and  VC,  can  occur 
during  either  halorespiration,  or  by  enzymes  active  during  other  anaerobic  processes.  An 
example  of  the  first  ease  is  the  eometabolism  of  VC  by  Dehalococcoides  ethenogenes 
strain  195  (Maymo-Gatell  et  ah,  1999).  Although  anaerobic  cometabolism  oeeurs,  it  ean 
be  difficult  to  distinguish  from  other  mechanisms,  such  as  halorespiration,  using 
groundwater  contaminant  and  geochemistry  data. 

Secondary  Biological  Processes 

Important  biological  processes  that  eontribute  to  an  environment  that  is  condueive  to 
efficient  anaerobic  biodegradation  of  ehlorinated  solvents  also  contribute  to  seeondary 
water  quality  impacts  in  groundwater  systems.  These  proeesses  inelude  hydrolysis, 
fermentation,  aeetogenesis,  sulfate  reduction,  metal  reduetion,  and  methanogenesis.  For 
example.  Figure  C-1  provides  an  illustration  of  the  many  processes  occurring  in  a 
hypothetical  TCE-dechlorinating  consortium.  A  brief  overview  of  key  eoneepts  is 
provided  following  the  figure,  including  descriptions  of  important  biological  processes 
and  descriptions  of  some  of  the  mierobial  populations  of  interest.  For  the  sake  of  brevity, 
only  detailed  assessments  of  mierobial  communities  using  community-level  MBT  assays 
and  those  specifically  targeting  methanogens  will  be  diseussed  in  subsequent  seetions, 
and  more  detailed  evaluations  of  fermentation,  sulfate-reducing,  and  metal-reducing 
MBT  targets  are  not  provided  here. 
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Figure  C-1.  Overview  of  Significant  Biological  Processes  Occurring  during 
Anaerobic  Bioremediation  of  Chlorinated  Solvents. 
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Anaerobic  substrate  utilization 

The  addition  of  bioremediation  amendments  stimulates  a  variety  of  anaerobic  metabolic 
processes  once  oxygen  has  been  depleted.  These  processes  include  oxidation  of  primary 
substrates  (e.g.,  lactate,  lactose,  glucose)  coupled  to  nitrate,  sulfate,  and  metal  reduction; 
fermentation;  and  acetogenesis.  Anaerobic  fermentation  of  complex  carbohydrates  and 
sugars  is  often  one  of  the  first  utilization  steps,  especially  for  complex  amendments  (e.g., 
molasses,  whey,  vegetable  oil),  and  generally  yields  hydrogen  and  volatile  fatty  acids 
(VFAs),  such  as  propionate,  butyrate,  and  acetate,  which  can  themselves  be  used  as 
electron  donor  substrates. 

Most  halorespiring  bacteria  actually  utilize  either  hydrogen  or  acetate  as  the  electron 
donor  coupled  to  reductive  dechlorination  (Holliger  et  ah,  1999).  In  addition, 
homoacetogenic  bacteria  (i.e.,  acetate-producing  bacteria)  can  oxidize  substrates,  such  as 
lactate,  propionate,  and  butyrate,  to  acetate.  They  can  also  oxidize  hydrogen,  and  coupled 
with  carbon  dioxide  reduction,  produce  acetate  (Mackie  and  Bryant,  1994;  Drake,  1994). 
A  variety  of  homoacetogenic  bacteria  have  been  identified  as  important  members  of 
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reductive-dechlorinating  laboratory  (Duhamel  and  Edwards,  2007;  Duhamel  and 
Edwards,  2006;  He  et  al.,  2007)  and  field  consortia  (Macbeth  et  ah,  2004;  Dojka  et  al., 
1998).  The  potential  effect  of  homoacetogenesis  on  dechlorination  is  complex.  Under 
certain  conditions,  homoacetogens  compete  with  dechlorinating  bacteria  for  available 
hydrogen,  and  this  competition  is  dictated  by  the  amount  of  energy  that  can  be  obtained 
from  the  reaction  for  metabolism  (Duhamel  and  Edwards,  2007). 

In  most  natural  anaerobic  environments,  the  conditions  are  generally  energetically 
unfavorable  for  hydrogenotrophic  acetogenesis  (i.e.,  hydrogen-based  acetate  production), 
especially  in  the  presence  of  hydrogenotrophic  methanogens  and  dechlorinators.  The 
latter  two  metabolisms  yield  more  free  energy  from  hydrogen  oxidation  and  have  much 
lower  hydrogen  thresholds  than  do  acetogenic  reactions  (Loffler  et  al.,  1999;  Fennell  and 
Gossett,  1998).  Nevertheless,  the  generation  of  vitamin-B12-based  complexes  in 
homoacetogens  has  been  implicated  as  a  source  of  this  important  nutrient  for 
Dehalococcoides  spp.  in  mixed  cultures  and  in  the  field  (He  et  al.,  2007;  Macbeth  et  al., 
2004),  in  addition  to  production  of  acetate,  which  is  used  as  a  carbon  source  for 
Dehalococcoides  (He  et  al.,  2002).  The  mode  of  methanogenesis  (discussed  in  more 
detail  in  the  next  section)  can  also  have  implications  for  the  efficiency  of  dechlorination 
with  respect  to  electron  donor  utilization.  Therefore,  understanding  the  microbial 
populations  that  are  (or  are  not)  supporting  an  environment  conducive  to  reductive 
dechlorination  might  be  important  for  implementing  and  optimizing  bioremediation 
systems. 

Anaerobic  biological  processes  that  react  with  metals  in  soils  also  contribute  to  overall 
contaminant  remediation  (Szecsody  et  al.,  2004)  and  water  quality  issues  associated  with 
dissolution  of  metals  from  the  geologic  formation  during  and  post-bioremediation. 
Subsurface  bioremediation  efforts  are  highly  influenced  by  both  aqueous  geochemical 
properties  (e.g.,  pH,  ions  present,  oxidation  potential)  and  soil  types  and  constituents 
(e.g.,  clays,  iron  (Fe)  /manganese  (Mn)  oxides,  organic  matter)  (Szecsody  et  al.,  2004). 
For  example,  dissimilatory  iron-reducing  bacteria  couple  oxidation  of  natural  or  amended 
substrates  to  the  reduction  of  amorphous  and  crystalline  Fe(III)  oxides  and  structural  iron 
to  dissolved,  ferrous  Fe(II)  (Urrutia  et  al.,  1999;  Roden  and  Zachara,  1996).  Manganese 
oxides,  though  generally  present  in  lower  concentrations  than  iron  oxides,  can  also  play  a 
significant  electron  shuttle  role,  wherein  Mn(IV)  is  microbially  reduced  to  Mn(II),  which 
then  abiotically  reduces  crystalline  Fe(III)  oxides  (Fredrickson  et  al.,  2002)  producing 
dissolved  Fe(II). 

In  addition,  the  type  of  bioremediation  substrate  used  has  been  shown  to  significantly 
affect  the  dissolution  of  metals  such  as  iron  and  arsenic  (McLean  et  al.,  2006),  which  can 
impact  water  quality.  Therefore,  understanding  impacts  of  bioremediation  on  metals  fate 
and  transport  is  an  important  consideration  within  the  remediation  industry,  and  MBTs 
are  being  increasingly  used  to  understand  these  processes  during  remediation.  However, 
this  is  an  emerging  use  of  MBTs  for  which  the  quantity  of  data  available  is  currently 
small.  Therefore,  this  topic  is  included  here  for  completeness,  but  is  not  discussed  further 
in  this  document. 
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Methanogenesis 

Generally,  methanogenic  microorganisms  require  very  similar  environmental  conditions 
as  dehalogenating  bacteria,  such  as  Dehalococcoides.  In  fact,  methane  production  has 
often  been  used  as  an  indicator  that  conditions  are  conducive  for  efficient  dechlorination, 
although  its  production  can  impact  water  quality.  Because  of  their  similarity  in 
environmental  niches,  extensive  laboratory  culture  studies  have  been  conducted 
examining  the  relationship  between  methanogens  and  dechlorinating  bacteria  (Fennell 
and  Gossett,  1997;  Fennell  and  Gossett,  1998)  in  batch  cultures  and  in  column  studies 
(Carr  and  Hughes,  1998;  Yang  and  McCarty,  1998;  Yang  and  McCarty,  2002).  The 
majority  of  methane  derived  in  the  environment  is  generated  using  either  hydrogen  or 
acetate.  Initial  laboratory  studies  suggested  that  hydrogen-utilizing  methanogens  compete 
with  dechlorinating  bacteria  for  available  hydrogen,  although  these  studies  did  not 
distinguish  between  hydrogen-  (i.e.,  hydrogenotrophic)  and  acetate-  (i.e.,  acetoclastic) 
derived  methane  (Fennell  and  Gossett,  1997;  Fennell  and  Gossett,  1998;  Yang  and 
McCarty,  1998;  Yang  and  McCarty,  2002). 

Field  data,  including  data  for  ESTCP  project  ER-0318,  have  suggested  that  acetate- 
derived  methane  may  be  more  important  in  most  bioremediation  treatment  zones 
(Macbeth  et  al.,  2004).  Acetate  is  known  to  be  a  precursor  for  up  to  70%  of  methane 
formation  in  most  natural  anaerobic  processes  (Conrad,  1999),  and  all  of  these  microbes 
belong  to  the  order  Methanosarcinales  comprising  two  families,  Methanosarcinaceae 
and  Methanosaetaceae.  Methanosaetaceae  have  been  demonstrated  to  be  significant  in 
the  conversion  of  acetate  to  methane  in  bioremediation  systems  (Macbeth  et  al.,  2004), 
and  are  the  only  organisms  that  will  solely  use  acetate  to  make  methane,  while  the 
Methanosarcinaceae  can  use  acetate,  H2,  methanol,  and  methylamines.  MBTs  can  be 
very  useful  for  detecting  the  presence,  relative  significance,  and  activity  of  these  different 
methanogens.  Ultimately,  data  from  such  MBTs  could  be  used  for  optimizing 
bioremediation  design  to  mitigate  undesirable  impacts  during  and  following  remediation. 
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APPENDIX  D.  CASE  SUTDIES:  USE  OF  MOLECULAR 
BIOLOGICAL  TOOLS 

A  collection  of  three  case  studies  is  presented  in  this  appendix  to  illustrate  representative 
field  applications  of  a  variety  of  MBTs,  and  to  show  how  the  data  can  be  used  to  optimize 
or  supplement  bioremediation.  Table  D-1  provides  an  overview  of  the  three  case  studies, 
including  the  MBTs  used  for  each  one,  the  biological  processes  investigated,  and 
reference  citations  for  additional  detail.  The  case  study  at  Fort  Lewis  was  conducted  as 
part  of  this  project.  The  other  two  case  studies  were  conducted  as  separate  investigations 
prior  to  this  ESTCP  project  and  are  summarized  here  to  provide  more  bases  for  the 
evaluation  of  MBTs. 

Table  D-1.  Overview  of  Case  Studies,  MBTs  evaluated,  and  References 


Case  Study 

Biological 

Process 

MBTs 

Reference 

Test  Area  North  (TAN), 
Idaho  National 

Laboratory 

Aerobic 

cometabolism 

PCR,  EAP 

Lee  et  al.,  2008a; 
Wymore  et  al.,  2007 

Halorespiration 

PCR,  qPCR,  T- 
RFLP,  clone 
library,  CSIA 

Macbeth  et  al.,  2004; 
Song  et  al.,  2002 

Methanogenesis 

T-RFLP,  clone 
library 

Macbeth  et  al.,  2004 

Fort  Lewis  Logistics 
Center,  East  Gate 
Disposal  Yard, 
Washington 

Halorespiration 

qPCR,  T-RFLP, 
FISH,  CSIA 

Lee  et  al.,  2008b; 
North  Wind,  2010 

Methanogenesis 

qPCR,  T-RFLP, 
FISH 

North  Wind,  2010 

Naval  Weapons  Station 
Seal  Beach,  Site  40, 
California 

General 

biological 

activity 

PLFA 

Rahm  et  al.,  2006 

Halorespiration 

qPCR,  T-RFLP 

Test  Area  North:  Idaho  National  Laboratory 
Aerobic  cometabolism 

Idaho  National  Laboratory’s  TAN  is  a  site  where  PCR  and  EAPs  were  used  to 
demonstrate  and  gain  acceptance  of  aerobic  cometabolism  as  the  basis  for  a  MNA 
remedy  of  a  nearly  two-mile  long,  aerobic,  TCE  plume  resulting  from  waste  injections 
into  a  deep,  fractured  rock  aquifer  (Lee  et  al.,  2008a;  Wymore  et  al.,  2007).  Previous 
investigations  revealed  that  TCE  was  being  attenuated  with  a  half-life  of  nine  to  21  years 
relative  to  two  co-disposed  internal  tracers,  tritium  and  PCE  (Sorenson  et  al.,  2000). 
Biological  attenuation  mechanisms  were  investigated  using  PCR  and  EAPs  targeting 
sMMO  and  the  aromatic  oxygenases  TOD,  2-  and  3-monooxygenase,  and  TOL  enzymes 
(Lee  et  al.,  2008a;  Wymore  et  al.,  2007).  In  addition,  samples  were  analyzed  for 
chlorinated  solvents,  tritium,  redox  parameters,  primary  substrates,  and  degradation 
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products.  The  enzyme  probe  assays,  methanotrophic  enriehments  and  isolations,  and 
DNA  analysis  doeumented  the  presence  and  activity  of  indigenous  mieroorganisms 
expressing  the  sMMO  and  toluene-based  oxygenase  enzymes,  indieating  that  a  diversity 
of  active  pathways  was  present  that  could  be  cometabolizing  TCE  (Figure  D-1). 

3-D  groundwater  data  showed  plume- wide  aerobie  eonditions,  with  low  levels  of 
methane  and  deteetions  of  carbon  monoxide,  a  potential  by-produet  of  TCE 
cometabolism.  The  TCE  half-life  attributed  to  aerobic  cometabolism  was  13  years 
relative  to  tritium,  based  on  the  tracer-eorreeted  method.  Similarly,  a  half-life  of  eight 
years  was  estimated  for  DCE.  Although  these  rates  are  slower  than  most  anaerobic 
degradation  processes,  they  ean  be  significant  for  large  plumes.  These  investigations  are 
believed  to  be  the  first  documentation  of  intrinsie  aerobie  TCE  and  DCE  eometabolism  in 
an  aquifer  by  indigenous  methanotrophs  and  baeteria  expressing  aromatic  oxygenases. 
Demonstration  of  these  biological  mechanisms  led  to  the  aeceptanee  of  MNA  as  the 
ROD-preseribed  remedy  for  over  one  mile  of  the  low-eoncentration  dissolved  phase 
plume. 
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Figure  D-1.  Detections  of  sMMO  and  Aromatic  Oxygenase  Probe  Response  in  the 

TAN  Groundwater  Plume 
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(Lee  et  al,  2008a) 

Halorespiration/Methanogenesis 

The  groundwater  plume  remedy  at  the  Idaho  National  Laboratory  site  ineluded  multiple 
eomponents,  with  in-situ  bioremediation  seleeted  as  the  treatment  for  the  anaerobie 
residual  souree  area  (Dettmers  et  ah,  2006).  Sodium  laetate  injeetions  were  initiated  in 
the  original  waste  disposal  well  that  was  the  souree  of  the  eontamination.  These 
injeetions  resulted  in  the  generation  of  methanogenie  redox  eonditions  that  eorresponded 
to  effieient  reduetive  deehlorination  of  TCE  to  ethene  within  9  months  of  initiating  the 
injeetions.  Anaerobie  biologieal  degradation  was  demonstrated  by  groundwater 
eontaminant  data  and  CSIA  (Song  et  al.,  2002).  Maebeth  et  al.  (2004)  used  PCR,  T- 
RFLP,  and  elone  libraries  to  determine  that  the  biostimulated  eommunity  was  dominated 
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by  homoacetogenic  bacteria,  and  the  methanogenic  community  was  dominated  by  aeetate 
consumers  (acetoclastic)  rather  than  hydrogen  eonsumers  (hydrogenotrophie).  In 
addition,  Dehalococcoides  spp.  was  deteeted  using  PCR  in  groundwater.  These  initial 
investigations  suggested  that  methanogenesis  was  not  inhibitory  to  Dehalococcoides  at 
the  TAN  site,  and  that  the  majority  of  methane  generated  was  likely  derived  from  acetate, 
not  hydrogen. 

Optimization  of  the  bioremediation  at  TAN  included  a  period  of  evaluating  whey  powder 
as  an  alternative  amendment  to  sodium  lactate.  Whey  powder  was  demonstrated  to 
enhance  the  effective  solubility  of  TCE  DNAPL,  in  addition  to  facilitating  efficient 
biodegradation  (Maebeth  et  ah,  2006).  MBTs  were  used  to  evaluate  the  shift  in  microbial 
community  from  sodium  lactate  to  whey,  and  to  track  the  eommunity  with  respeet  to 
geochemistry  and  eontaminant  biodegradation  (Macbeth,  2008).  Microbial  population 
dynamics  were  evaluated  over  the  eourse  of  sodium  lactate  and  whey  powder  injection 
cycles  using  DNA  extracted  from  groundwater  and  evaluated  using  T-RFLP  targeting  the 
16S  rRNA  gene  fox  Bacteria  and  Archaea  with  eomplementary  elone  library  construetion 
and  DNA  sequeneing,  and  qPCR  for  Dehalococcoides  spp. 

T-RFLP/Clone  Library  Results 

T-RFLP  profiles  were  generated  to  evaluate  the  mierobial  community  at  five  time  points 
(Days  1,  3,  7,  21,  and  36)  following  lactate  or  whey  injections.  Following  lactate 
injections,  the  T-RFLP  profiles  were  consistent  for  a  given  day  post-injeetion.  However, 
the  profiles  signifieantly  shifted  through  the  injection  cycles,  as  populations  shifted  in 
response  to  ehanges  in  availability  of  substrates.  Figure  D-2  was  generated  to  illustrate 
changes  in  predominant  T-RFs  in  response  to  lactate  and  then  to  the  primary  fermentation 
produets  propionate  and  aeetate.  For  example,  the  most  dominant  group  of  fermentative 
bacteria  on  Day  7  following  injeetion  was  associated  with  T-RF  218,  T-RF  224,  and  T- 
RF  300  identified  using  clone  libraries  as  Acetobacterium  sp.  strain  HAAP-1  (Macbeth  et 
ah,  2004),  which  was  associated  with  the  presenee  of  laetate.  Likewise,  evaluation  of  T- 
RFLP  profiles  coupled  to  clone  library  eonstruction  post- whey  injeetion  identified 
predominant  groups  associated  with  laetose  fermentation  and  primary  fermentative 
produets  butyrate,  aeetate,  and  propionate.  Overall,  the  communities  were  very  different 
stimulated  with  lactate  compared  to  whey. 
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Figure  D-2.  Relationship  among  Predominant  Microbial  T-RFs  Observed  Following 
Lactate  and  Whey  Injections  in  Relationship  to  Lactate  and  Lactose  and  VFA 
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Values  represent  the  average  of  3  DNA  extractions  performed  for  each  of  two  samples  collected  on 
corresponding  Days  1,  3,  7,  21,  and  36  days  following  an  injection  (n=6) 


Dehalococcoides  qPCR  Results 

In  order  to  understand  the  fate  of  Dehalococcoides  spp.,  qPCR  was  performed,  targeting 
the  16S  rRNA  gene  in  DNA  extraeted  from  TAN  groundwater.  Figure  D-3  illustrates  the 
concentrations  of  Dehalococcoides  present  following  the  sodium  lactate  and  whey 
injections.  In  general,  Dehalococcoides  concentrations  were  relatively  high  and  remained 
fairly  stable  (~10^  to  10^  gene  copies/L  of  groundwater)  over  the  course  of  the  lactate 
injection  cycle  (n=18),  which  is  consistent  with  T-RFLP  data.  Following  whey  powder 
injections,  concentrations  of  Dehalococcoides  were  generally  lower  during  a  whey 
injection  cycle,  ranging  from  approximately  10^  to  10*  gene  copies/L  (n=27)  of 
groundwater  compared  to  values  observed  following  sodium  lactate  injection.  The  lowest 
concentrations  of  Dehalococcoides  were  detected  on  the  Day  2 1  sampling  event 
following  injections.  One  possible  explanation  for  the  difference  is  reduced  pH  following 
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lactose  fermentation  (Figure  D-3).  The  Dehalococcoides  response  is  time-shifted  relative 
to  the  low  point  observed  for  pH  (approximately  Day  7),  whieh  might  be  attributable  to 
the  limitations  of  the  DNA-based  qPCR  method,  which  might  detect  DNA  from  cells  that 
are  inactive  and/or  dead. 

Figure  D-3.  Concentrations  oi  Dehalococcoides  spp.  16S  rRNA  Genes  Following 
Sodium  Lactate  and  Whey  Powder  Injection  Cycles  Compared  to  pH  Response 
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Dehalococcoides  spp.  values  represent  the  average  of  three  DNA  extractions,  each  run  in  triplicate,  from 
each  of  two  corresponding  samplings  following  sodium  lactate  (n=18)  and  three  samplings  following  whey 
powder  (n=27)  injections,  with  one  standard  deviation  from  the  mean 


Contaminant  Fate  Results 

The  efficiency  of  the  halorespiration  reactions  was  assessed  by  examining  changes  in 
relative  concentrations  of  TCE,  cis-DCE,  VC,  and  ethane  following  injections  of  lactate 
compared  to  whey  (Figure  D-4).  Reductive  dechlorination  has  been  ongoing  at  all  of  the 
bioremediation  treatment  wells  evaluated  in  this  study  since  1999,  when  source  area 
concentrations  were  one  to  two  orders  of  magnitude  higher,  resulting  in  completed 
reduction  of  TCE  to  ethene  (Song  et  ah,  2002).  In  general,  amendment  injections  resulted 
in  dissolution  of  TCE  from  the  residual  source  material  into  groundwater  as  discussed  in 
Macbeth  et  al.  (2004).  Following  sodium  lactate  injections,  elevated  concentrations  of 
TCE  were  observed  in  wells  Technical  Support  Facility  (TSF)-05  and  TAN-25  that  were 
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rapidly  reduced  to  cis-DCE,  which  was  the  primary  chloroethene  observed  by  Day  7, 
with  respective  mean  concentrations  of  142  pg/L  and  78  pg/L;  TCE  concentrations  were 
<7  pg/L  at  both  locations  by  that  time.  Accumulated  cis-DCE  remained  through  Day  2 1 
at  mean  concentrations  of  133  pg/L  and  47  pg/L  in  the  two  wells,  respectively,  but  was 
significantly  reduced  by  Day  36  to  52  pg/L  and  <5  pg/L.  Ethene  constituted  a  substantial 
proportion  of  the  total  chloroethene  and  ethene  molar  mass  (from  30  to  84%)  during  the 
injection  cycle  and  was  the  predominant  reductive  daughter  product  by  Day  36, 
accounting  for  70  and  81%  of  the  molar  mass  of  total  chloroethenes  and  ethene, 
respectively. 

There  were  marked  differences  in  the  trends  of  chloroethenes  and  ethene  following  whey 
powder  injection  relative  to  sodium  lactate.  First,  a  much  higher  mass  of  TCE  was 
observed  in  groundwater  within  7  days  of  injection,  with  maximum  mean  concentrations 
of  3 14  pg/L  at  TSF-05  and  240  pg/L  at  TAN-25,  indicating  a  much  higher  rate  of 
dissolution  following  whey  injection.  Similar  to  lactate,  the  dissolved  TCE  was  quickly 
converted  to  cis-DCE,  which  accumulated  to  relatively  high  concentrations  until 
approximately  Day  21.  While  conversion  of  TCE  to  cis-DCE  was  equally  efficient 
following  whey  injection  compared  to  lactate  injection,  the  conversion  of  cis-DCE  to 
ethene  was  slower  early  on  with  a  longer  lag  period  before  the  onset  of  ethene  production 
following  whey  injection.  This  lag  period  also  corresponded  to  the  period  of  low  pH 
(Figure  D-4). 
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Figure  D-4.  Anaerobic  Reductive  Dechlorination  during  Sodium  Lactate  (A)  and 
Whey  Powder  (B)  Injection  Cycles  in  Monitoring  Wells  within  the  TAN  Source 
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Values  represent  the  average  concentration  observed  on  corresponding  days  following  two  sodium  lactate 
and  three  whey  powder  injections,  and  error  bars  represent  one  standard  deviation  from  the  mean 

Discussion 

Molecular  tools  provided  information  on  the  microbial  community  dynamics,  as  well  as 
growth  and  activity  of  specific  microbial  populations  of  interest,  such  as  fermentative, 
Dehalococcoides,  and  methanogenic  populations.  A  summary  of  the  overall  performance 
evaluation  of  the  MBT  evaluation  at  TAN  includes: 

•  EAPs:  EAPs  were  key  in  demonstrating  the  presence  of  biological 

degradation  mechanisms  in  the  large,  dilute,  aerobic  TCE  plume  at  TAN.  This 
information  was  necessary  to  obtain  acceptance  of  MNA  as  the  remedy  for 
this  portion  of  the  plume. 
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•  Community-level  T-RFLP  profiling:  These  data  provided  information 
regarding  the  shift  in  predominant  bacterial  and  archaeal  populations  during 
enrichment  of  a  microbial  community  using  sodium  lactate  compared  to  whey 
powder.  In  addition,  when  the  MET  data  were  correlated  to  chemical  data 
over  time,  relationships  between  identified  populations  and  function  within 
the  community  could  be  made.  Of  note  is  that  care  should  be  taken  when 
interpreting  the  data  from  amendments  that  can  themselves  be  sources  of 
microorganisms  (e.g.,  whey).  While  these  data  can  provide  interesting 
scientific  information  regarding  community-level  dynamics,  they  were  not 
necessary  to  make  operational  decisions  at  TAN. 

•  qPCR  for  Dehalococcoides:  These  data  were  extremely  useful  in  evaluating 
quantities  of  contaminant-degrading  microbes  over  time  during  lactate  and 
whey  injections.  First,  both  lactate  and  whey  sustained  high  concentrations  of 
Dehalococcoides,  although  concentrations  during  whey  injection  cycles  were 
one  to  two  orders  of  magnitude  lower,  with  minimums  observed  following 
periods  of  depressed  pH,  which  also  corresponded  to  periods  of  reduced 
dechlorination  efficiency.  Overall,  however,  reductive  dechlorination 
efficiency  increased  as  pH  recovered  over  the  course  of  the  injection  cycle,  as 
did  Dehalococcoides  concentrations.  At  TAN,  therefore  qPCR  data  were  used 
to  define  key  operational  criteria  for  optimization  and  maintenance  of  an 
efficient  bioremediation  strategy. 


Fort  Lewis  East  Gate  Disposal  Yard:  ESTCP  Project  ER-0318 

The  overall  objective  of  ESTCP  demonstration  project  ER-0318  was  to  evaluate 
innovative  diagnostic  tools,  including  MBTs,  for  the  implementation  and  optimization  of 
bioremediation  to  treat  chlorinated  solvent  residual  source  areas  containing  DNAPL.  A 
suite  of  MBTs  was  evaluated  as  part  of  the  demonstration  to: 

1.  Assess  impacts  of  bioremediation  amendments  on  the  biological  community, 

2.  Determine  presence  and  enrichment  of  contaminant-degrading 
microorganisms  during  treatment, 

3.  Monitor  microbial  community  dynamics  and  correlate  population  shifts  of  key 
organisms  with  dechlorination  performance. 

MBTs,  including  T-RFLP,  qPCR,  and  FISH,  were  used  to  track  microbial  community 
changes  in  response  to  whey  powder  injections  in  the  two  treatment  cells  within  a 
DNAPL  source  area.  The  relationship  between  community  structure  and  overall 
bioremediation  performance  was  evaluated  in  order  to  determine  the  utility  of  these 
methods  as  predictive  and  performance  assessment  tools.  Assays  performed  are  described 
in  Table  D-2. 
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Table  D-2.  MBT  Targets  for  Analysis  during  the  ER-0318  Bioremediation 

Demonstration 


Molecular  Target 

Purpose 

Reference 

qPCR 

Bacteria  and  Archaea 

Universal  targets  Bacteria  and 
Archaea  used  as  general  biomass 
indicators 

Suzuki  et  ah, 
2000 

Dehalococcoides  16S 
rRNA,  vcrA,  tceA,  bvcA 

Presence  and  abundance  of 
Dehalococcoides  spp.  and  of 
dechlorinating  functional  genes 

Lee  et  ah, 

2008b 

Methanosarcinales, 

Methanococcales, 

Methanobacteriales, 

Methanomicrobiales 

Presence  and  abundance  of  these 
orders  of  acetogenic  and 
hydrogenotrophic  methanogens 

Yu  et  ah,  2005 

FISH 

Eubacteria,  Archaea 

Universal  targets  for  almost  all 
prokaryotes  and  Archaea 

Raskin  et  ah, 
1994b 

Methanobacteriaceae 

Targets  one  order  of 
Methanobacteriales 

Del  Nery  et  ah, 
2008 

Methanococcales, 
Methanomicrobiaceae, 
Methanosarcinaceae 
including  Methanosaeta, 
Methanosaeta 

Targets  one  class  of  Methanococci, 
one  order  of  Methanomicrobiales, 
one  order  of  Methanosarcinales  in 
addition  to  the  genus  Methanosaeta, 
and  the  genus  Methanosaeta 

Raskin  et  ah, 
1994a 

Dehalococcoides 

Targets  the  genus  Dehalococcoides, 
some  species  of  which  are  known  to 
reduce  TCE  to  ethene 

Fazi  et  ah, 

2008 

T-RFLP/Clone  Libraries 

Bacteria  and  Archaea 

Diversity  of  Bacteria  and  Archaea 

Macbeth  et  ah, 
2004 

Contaminant  Fate  Results 

Contaminant  fate  was  evaluated  in  order  to  determine  the  impact  of  whey  injections  on 
contaminants.  Two  injection  strategies,  10%  and  1%  whey,  were  employed  alternatively 
in  two  treatment  cells,  1  and  2.  Biodegradation  was  evaluated  by  assessing  the  molar 
mass  balance  between  parent  compounds  (TCE)  and  reductive  daughter  products  (cis- 
DCE,  VC,  and  ethene).  Figure  D-5  illustrates  the  total  average  moles  of  contaminants  and 
reductive  daughter  projects  before,  during,  and  after  biostimulation  (whey  injections). 
Overall,  the  total  contaminant  mass  in  treatment  cell  2  was  greater  than  treatment  cell  1, 
as  it  contained  residual  DNAPL.  Prior  to  whey  injections,  TCE  and  cis-DCE  were  the 
primary  VOCs  detected,  with  an  average  range  of  51-95  pM  and  175-228  pM  (n=8 
sampling  points)  for  all  baseline  sampling  events  (n=3)  in  treatment  cells  1  and  2. 
Following  initiation  of  whey  injections,  nearly  complete  conversion  to  cis-DCE  was 
observed  with  a  relatively  good  mass  balance  at  all  sampling  points  with  an  average 
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range  of  69-113  )a.M  and  185-262  )a.M  during  1%  whey  injections  in  treatment  cells  1  and 
2.  Following  initiation  of  10%  whey  injections,  however,  the  total  mass  of  VOCs 
(primarily  cis-DCE)  increased  dramatically  in  treatment  cell  2  with  concentrations 
ranging  from  303-715  pM,  but  was  similar  in  treatment  cell  1  at  49-61  pM.  These  data 
demonstrated  that  the  whey  injection  strategy  did  have  a  significant  (p>0.05)  impact  on 
VOC  concentrations  for  treatment  cell  2,  but  not  for  treatment  cell  1.  This  is  largely 
attributed  to  the  location  of  treatment  cell  2  within  the  DNAPL  source  area,  whereas 
treatment  cell  1  was  outside  the  source  area.  Substantial  reductions  in  total  VOC 
concentrations  were  observed  in  both  treatment  cells  at  the  end  of  the  demonstration 
concomitant  with  significant  VC  and  ethene  production. 
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Figure  D-5.  Average  (n=8)  Molar  Concentration  of  TCE  and  Reductive  Daughter 
Products  in  Two  Treatment  Cells  during  the  ER-0318  Bioremediation 

Demonstration 


TCE 

EX3  cis-DCE 

VC 

Ethene 

• 

3%  whey  injections  Cell  1  and  2 

V 

10%/1%  whey  injections  Cell  1/2 

■ 

1%/10%  whey  injections  Cell  1/2 

11/1/05 


Appendices  -  26 


T-RFLP  Results 


T-RFLP  was  used  to  evaluate  diversity  of  microbial  populations  by  targeting  their  16S 
rRNA  genes.  Table  D-3  and  Table  D-4  provide  results  of  the  T-RFLP  evaluation.  In 
general,  significant  shifts  in  the  predominant  bacterial  populations  were  observed 
between  each  sampling  time  point  evaluated.  One  month  after  initiation  of  monthly  whey 
injections  (July  2005),  T-RFs  489  and  490  bp  represented  >20%  of  the  total  community 
at  all  sampling  points  within  the  treatment  cells.  By  two  months  (August  2005),  T-RF 
565  bp  was  predominant  at  all  locations.  By  five  (November  2005)  and  eight  months 
(February  2005),  the  T-RFLP  communities  had  stabilized  somewhat  and  T-RF  95  bp  was 
the  predominant  T-RF  observed  at  all  locations  and  time  points  except  one. 

Clone  library  analysis  coupled  to  T-RFLP  analysis  of  groundwater  undergoing  whey 
injections  in  a  chlorinated  solvent  source  area  at  the  TAN  site  in  Idaho  identified  T-RF  95 
as  a  species  within  the  genus  Bacteroides  (Macbeth,  2008).  This  genus  has  been  linked 
primarily  to  carbohydrate  fermentation,  including  lactose  (the  primary  component  of 
whey),  and  production  of  VFAs,  predominately  acetate,  propionate,  and  butyrate  in 
human  intestines  (McNeil  et  al.,  1978)  and  anaerobic  digestors  (Ueki  et  al.,  2008).  In 
addition,  Bacteroides  are  also  associated  with  protein  degradation-generating  ammonia, 
carbon  dioxide,  VFAs,  and  branched-chain  fatty  acids  (Wrong,  1988).  Although  the 
identification  of  this  T-RF  cannot  be  confirmed  at  Fort  Lewis  without  clone  library 
assessment  of  the  Fort  Lewis  samples,  it  does  illustrate  the  potential  utility  of  the  method. 

Table  D-4  illustrates  the  T-RFLP  results  targeting  Archaea,  which  include  methanogens. 
Archaea  could  not  be  amplified  for  the  one-  or  two-month  samples  post-initiation  of 
monthly  whey  injections  using  PCR  to  high  enough  concentrations  to  run  T-RFLP.  This 
suggests  that  relatively  low  concentrations  of  Archaea  were  present  during  these 
sampling  events.  T-RFLP  analysis  was  performed  for  Archaea  on  the  five-  and  eight- 
month  sampling  events,  with  the  exception  of  one  location.  In  all  of  the  samples,  T-RF 
330  predominated  the  archaeal  community,  constituting  72-100%  of  the  profile.  At  the 
Idaho  National  Laboratory  site  undergoing  enhanced  bioremediation  in  a  source  zone, 
this  fragment  was  associated  with  the  Methanosarcina  genus,  which  contains  both 
acetate-utilizing  and  hydrogen-utilizing  species  (Macbeth  et  al,  2004).  Again,  however, 
clone  libraries  would  need  to  be  conducted  on  the  Fort  Lewis  samples  to  confirm  this 
identification. 


Table  D-3.  Summary  of  T-RFLP  Results  for  Bacteria 


Date 

Well 

S  (T-RFs)  2005“ 

Predominant  Fragments*^  (bp) 

July  2005 

MW1A4 

17 

490  (42),  491  (42) 

MW1B4 

39 

489  (21),  490  (23) 

MW1C4 

45 

490  (26) 

MW1D4 

11 

489  (44),  490  (43) 

MW2A4 

45 

95  (10),  120  (39),  490  (30) 

MW2B4 

36 

490  (23) 

MW2C4 

34 

410  (45) 
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Date 

Well 

S  (T-RFs)  2005“ 

Predominant  Fragments*’  (bp) 

MW2D4 

34 

489  (24),  490  (25) 

MW2A4 

28 

84(17),  532  (15),  565  (15) 

MW2B4 

25 

84  (14),  92  (37),  565  (12) 

o 

MW2C4 

27 

532  (12),  565  (24) 

(N 

MW2D4 

31 

520  (10),  565  (17) 

in 

S) 

MW1A4 

20 

528  (13),  554(19),  565  (16) 

< 

MW1B4 

22 

84  (18),  532  (22),  565  (19) 

MW1C4 

20 

532  (14),  565  (25) 

MW1D4 

25 

84  (12),  532  (18),  565  (19) 

MW1A4 

18 

95  (20),  215  (21),  573  (14) 

MW1B4 

23 

95  (46),  550  (12) 

o 

o 

(N 

MW1C4 

18 

95  (52),  202  (11) 

(D 

MW1D4 

15 

95  (56),  550  (13) 

a 

MW2A4 

22 

95  (37),  193  (14) 

> 

o 

MW2B4 

18 

95  (45),  550  (12) 

MW2C4 

17 

95  (30),  193  (18),  550(11) 

MW2D4 

16 

95  (22),  193  (31) 

MW1A4 

9 

95  (63),  550(15) 

'vO 

MW1B4 

32 

87  (12),  95  (28) 

o 

o 

MW1C4 

25 

94  (15),  506  (14),  509  (10),  520  (12) 

CN 

b 

MW1D4 

20 

87(15),  506(10) 

cd 

B 

MW2A4 

17 

95  (41),  550  (16) 

(D 

MW2B4 

14 

95  (40),  550  (12),  573  (14) 

Pm 

MW2C4 

16 

95  (38),  193  (20),  550(11) 

MW2D4 

15 

95  (41),  193  (13),  550(11) 

a.  Number  of  T-RFs  in  community  profile. 

b.  Value  in  parenthesis  represents  %  of  total  community  that  the  T-RF  represented. 
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Table  D-4.  Summary  of  T-RFLP  Results  for  Archaea 


Date 

Well 

S  (T-RFs)“ 

Predominant  Fragments  (bp)'’ 

MW1A4 

1 

330(100) 

MW1B4 

1 

330  (100) 

O 

o 

(N 

MW1C4 

1 

330(100) 

(D 

MW1D4 

2 

327(13),  330(81) 

I 

MW2A4 

2 

323  (9),  330  (91) 

> 

O 

MW2B4 

0 

No  Data‘s 

Z: 

MW2C4 

1 

330  (100) 

MW2D4 

2 

328  (7),  330  (87) 

MW1A4 

1 

330  (100) 

O 

MW1B4 

1 

330  (100) 

o 

(N 

MW1C4 

1 

330(100) 

& 

MW1D4 

1 

330  (100) 

g 

MW2A4 

2 

325  (28),  330  (72) 

CD 

PLh 

MW2C4 

1 

330  (100) 

MW2D4 

2 

325  (8),  330  (89) 

a.  Number  of  T-RFs  in  community  profile 

b.  Value  in  parenthesis  represents  %  of  total  community  that  the  T-RF  represented. 

c.  Sample  did  not  amplify  with  PCR. 


Dehalococcoides  qPCR  Results 

qPCR  methods  developed  by  the  University  of  California  at  Berkeley  were  used  to 
quantify  DNA  targeting  several  genes  of  the  Dehalococcoides  genus  in  groundwater 
samples  (Lee  et  ah,  2008b).  These  data  were  used  to  assess  the  indigenous 
Dehalococcoides  population  at  Fort  Lewis,  the  impact  of  bioaugmentation  with  a 
Dehalococcoides-contmmng  culture,  and  the  growth  of  Dehalococcoides  coupled  to 
reductive  dechlorination  performance  and  geochemistry. 

The  relationships  between  Dehalococcoides  and  pH  and  methane  (Figure  D-8)  was 
evaluated  in  order  to  determine  if  these  parameters  either  directly  or  indirectly  influenced 
Dehalococcoides  growth  and  activity.  For  pH,  Dehalococcoides  was  evaluated  from  the 
initial  drop  in  pH  to  relatively  low  values  immediately  following  the  onset  of  whey 
injections  through  the  recovery  observed  approximately  eight  months  after  injections 
began  (Figure  D-8).  A  positive  correlation  was  observed  between  Dehalococcoides 
concentrations  and  pH  (R^  values  between  0.36-0.42),  with  increasing  concentrations  of 
Dehalococcoides  with  higher  pH.  In  particular,  high  concentrations  of  Dehalococcoides 
were  not  observed  within  both  treatment  cells  until  pH  values  had  recovered  to  >5. 5-6.0 
(i.e.,  pH  greater  than  a  threshold  value).  Almost  uniformly  within  both  treatment  cells, 
concentrations  of  Dehalococcoides  16S  rRNA,  vcrA,  and  bvcA  genes  that  exceeded  10^ 
gene  copies/L  of  groundwater  corresponded  to  pH  values  >6.0. 
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Figure  D-6  illustrates  the  response  of  Dehalococcoides  concentrations  to  the  operational 
phases  of  the  demonstration.  In  general,  relatively  low  concentrations  (<10^  gene 
copies/L  groundwater)  of  the  Dehalococcoides  16S  rRNA  and  functional  reductase  genes 
tceA,  bvcA,  and  vcrA  were  detected  during  baseline  sampling  within  both  treatment 
cells.  Following  the  onset  of  whey  injections,  Dehalococcoides  concentrations  increased 
one  to  two  orders  of  magnitude  in  both  treatment  cells  one  month  post-injection  (July 
2005).  Bioaugmentation  was  conducted  following  the  July  2005  whey  injection  into  both 
treatment  cells  using  a  Dehalococcoides-contmumg  culture. 

Figure  D-7  illustrates  the  qPCR  results  of  the  bioaugmentation  culture.  As  can  be  seen, 
bvcA  was  not  detected  in  the  culture,  but  was  present  initially  in  NAPL  Area  3.  Sampling 
results  from  one  month  post-bioaugmentation  (August  2005)  generally  indicated  that 
average  concentrations  increased  slightly  compared  to  the  July  2005  sampling  event. 
Little  significant  change  in  Dehalococcoides  concentrations  was  observed  until  eight 
months  (February  2006)  after  initiation  of  biostimulation,  when  concentrations  of  all  four 
targets  increased  by  one  to  two  orders  of  magnitude  in  both  treatment  cells.  In  general, 
the  vcrA  and  bvcA  reductase  genes  constituted  the  greatest  fraction  of  the 
Dehalococcoides  population,  with  tccA  genes  generally  two  to  three  orders  of  magnitude 
lower  in  concentration  for  all  time  points  evaluated.  In  addition,  the  sum  of  the  functional 
reductase  genes  generally  equaled  that  of  the  16S  rRNA  gene,  which  indicates  that  these 
three  functional  genes  collectively  represented  the  majority  of  the  Dehalococcoides 
population. 

Overall,  no  correlation  between  concentration  of  Dehalococcoides  and  dechlorination 
rate  was  observed  (data  not  shown).  However,  during  the  periods  of  low  concentrations 
of  the  three  genes  indicated  above  (<10^  gene  copies/L  groundwater),  TCE  and  cis-DCE 
were  the  predominant  contaminants  within  the  treatment  cells.  Following  the  onset  of 
whey  injections,  nearly  complete  conversion  to  cis-DCE  was  observed  along  with  an 
increase  in  the  gene  concentrations  (<10^  gene  copies/L  groundwater).  This  initial 
increase  in  Dehalococcoides  was  followed  by  a  lag  in  growth  for  nearly  four  months. 
Once  Dehalococcoides  again  increased  to  high  concentrations  (>10’  gene  copies/L 
groundwater),  VC  and  ethene  were  produced.  Therefore,  a  threshold  concentration  for 
Dehalococcoides  might  exist  below  which  dechlorination  of  the  lower  chlorinated 
ethenes  cis-DCE  and  VC  does  not  occur  at  sufficient  rates  to  be  observed. 

The  relationships  between  Dehalococcoides  and  pH  and  methane  (Figure  D-8)  was 
evaluated  in  order  to  determine  if  these  parameters  either  directly  or  indirectly  influenced 
Dehalococcoides  growth  and  activity.  For  pH,  Dehalococcoides  was  evaluated  from  the 
initial  drop  in  pH  to  relatively  low  values  immediately  following  the  onset  of  whey 
injections  through  the  recovery  observed  approximately  eight  months  after  injections 
began  (Figure  D-8).  A  positive  correlation  was  observed  between  Dehalococcoides 
concentrations  and  pH  (R^  values  between  0.36-0.42),  with  increasing  concentrations  of 
Dehalococcoides  with  higher  pH.  In  particular,  high  concentrations  of  Dehalococcoides 
were  not  observed  within  both  treatment  cells  until  pH  values  had  recovered  to  >5. 5-6.0 
(i.e.,  pH  greater  than  a  threshold  value).  Almost  uniformly  within  both  treatment  cells, 
concentrations  of  Dehalococcoides  16S  rRNA,  vcrA,  and  bvcA  genes  that  exceeded  lO’ 
gene  copies/L  of  groundwater  corresponded  to  pH  values  >6.0. 
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Gene  copies/L  groundwater 


Figure  D-6.  Summary  of  Dehalococcoides  qPCR  Results  for  the  16S  rRNA,  bvcA, 
vcrA,  and  tceA  Genes  as  the  mean  (n=4)  for  Each  Treatment  Cell,  and  FISH  Results 

Targeting  the  16S  rRNA  Gene 


Dehalococcoides  qPCR  DNA  and  FISH  Results 
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Figure  D-7.  qPCR  Results  for  Bioaugmentation  Culture  Used  at  Fort  Lewis 
Dehalococcoides  spp.  Bioaugmentation  Culture 
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Figure  D-8.  Relationship  between  Dehalococcoides  qPCR  Results  and  Geochemical 
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Regarding  the  relationship  between  Dehalococcoides  and  methane,  Dehalococcoides  is  a 
strict  anaerobe,  and  previous  studies  have  indicated  that  growth  and  activity  are  generally 
most  efficient  under  methane-producing  conditions.  Consistent  with  this  model,  a 
positive  correlation  was  observed  between  methane  production  and  increasing 
concentrations  of  all  four  of  the  Dehalococcoides  targets  (R^  values  between  0.56-0.63), 
as  illustrated  in  Figure  D-8.  While  this  does  not  necessarily  mean  that  methane  is  directly 
affecting  Dehalococcoides  growth  and  activity,  it  does  at  least  imply  that  environmental 
conditions  that  are  conducive  to  methane  production  are  also  conductive  to 
Dehalococcoides  growth  and  activity.  Furthermore,  it  demonstrates  that  increasing 
methane  production  is  not  detrimental  to  Dehalococcoides  growth. 

These  results  suggest  that  in  order  to  enrich  high  concentrations  of  Dehalococcoides 
(>10^  gene  copies/L  groundwater)  necessary  to  facilitate  efficient  reductive 
dechlorination  to  ethene,  the  following  conditions  were  necessary: 

•  pH  values  >6.0 

•  Strongly  methanogenic  conditions. 

FISH  Results 

FISH  was  also  used  to  evaluate  Dehalococcoides  spp.  FISH  is  a  whole-cell  assay  used  to 
visualize  cells  by  hybridizing  RNA  with  florescent  probes  that  are  specific  to  the  desired 
target.  FISH  is  considered  a  direct  measure  of  activity  since  it  binds  to  RNA  instead  of 
DNA.  In  addition,  it  has  the  advantage  of  not  requiring  DNA  or  RNA  extraction,  nor  does 
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it  require  amplifieation,  as  do  PCR-based  methods,  which  can  induce  inefficiencies  and 
bias  into  results.  The  FISH  probe  targeted  16S  rRNA  of  all  known  Dehalococcoides 
strains  for  the  samples  collected  one,  five,  and  eight  months  following  the  initiation  of 
whey  injections. 

The  relationships  between  Dehalococcoides  and  pH  and  methane  (Figure  D-8)  was 
evaluated  in  order  to  determine  if  these  parameters  either  directly  or  indirectly  influenced 
Dehalococcoides  growth  and  activity.  For  pH,  Dehalococcoides  was  evaluated  from  the 
initial  drop  in  pH  to  relatively  low  values  immediately  following  the  onset  of  whey 
injections  through  the  recovery  observed  approximately  eight  months  after  injections 
began  (Figure  D-8).  A  positive  correlation  was  observed  between  Dehalococcoides 
concentrations  and  pH  (R^  values  between  0.36-0.42),  with  increasing  concentrations  of 
Dehalococcoides  with  higher  pH.  In  particular,  high  concentrations  of  Dehalococcoides 
were  not  observed  within  both  treatment  cells  until  pH  values  had  recovered  to  >5. 5-6.0 
(i.e.,  pH  greater  than  a  threshold  value).  Almost  uniformly  within  both  treatment  cells, 
concentrations  of  Dehalococcoides  16S  rRNA,  vcrA,  and  bvcA  genes  that  exceeded  10^ 
gene  copies/L  of  groundwater  corresponded  to  pH  values  >6.0. 


Figure  D-6  illustrates  the  FISH  and  qPCR  results.  Generally,  Dehalococcoides 
concentrations  measured  using  FISH  were  initially  higher  one  and  five  months  post¬ 
initiation  of  whey  injections  than  measured  for  qPCR  (approximately  one  to  two  orders 
of  magnitude  higher).  Eight  months  post-whey  injections,  however,  concentrations  of 
Dehalococcoides  as  measured  for  FISH  and  qPCR  were  similar.  Similar  to  qPCR  results, 
no  discemable  trend  between  concentrations  of  Dehalococcoides  and  dechlorination  rates 
could  be  made.  However,  concentrations  of  Dehalococcoides  greater  than  10*  gene 
copies/L  groundwater  were  observed  to  correspond  with  VC  and  ethene  production  at  all 
locations  evaluated.  Therefore,  10*  cells/L  in  groundwater  (as  measured  by  FISH) 
appears  to  be  the  “threshold”  above  which  production  of  VC  and  ethene  is  observed  at 
Fort  Lewis. 

Methanogen  qPCR  Results 

qPCR  was  used  to  evaluate  the  response  of  methanogenic  populations  during  the 
bioremediation  treatment  at  Fort  Lewis.  Figure  D-9  illustrates  the  results  of  qPCR 
assessment  of  four  methanogenic  orders  following  the  initiation  of  whey  injections.  One 
month  after  whey  injections  began  (July  2005),  low  concentrations  of  Methanosarcinales, 
an  order  containing  acetate-  and  hydrogen-utilizing  methanogens,  were  observed  in  both 
treatment  cells,  and  Methanococcales,  an  order  containing  hydrogen-utilizing 
methanogens,  was  observed  in  treatment  cell  1.  Five  months  after  whey  injections  began, 
concentrations  of  Methanosarcinales  increased  approximately  one  to  two  orders  of 
magnitude  in  both  treatment  cells,  and  the  Methanococcales  were  non-detect.  Eight  and 
nine  months  after  injections  began,  concentrations  of  Methanosarcinales  increased  an 
additional  one  to  two  orders  of  magnitude.  During  these  latter  sampling  events,  the  total 
concentrations  of  methanogens  were  much  closer  to  measured  concentrations  of  total 
Archaea,  indicating  that  methanogens  became  the  predominant  Archaea  at  the  site.  In 
addition,  a  correlation  between  Dehalococcoides  and  methanogens  was  also  sought  (data 
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not  shown),  and  the  methanogen  target  with  the  highest  correlation  to  Dehalococcoides 
was  total  Methanosarcinales  (R^=  0.66).  This  suggests  that  as  this  population  was 
enriched  during  the  demonstration,  so  was  Dehalococcoides. 

Results  of  FISH for  Methanogens 

Methanogens  were  also  evaluated  using  FISH  analysis.  FISH  results  indicated  higher 
concentrations  of  methanogenic  populations  than  qPCR  (Figure  D-9),  especially  during 
the  one-month  post- whey  injection  event.  The  predominant  populations  were  also 
consistent  between  sampling  events  with  the  Methanomicrobiales  and  Methanosarcinales 
(also  Methanosaeta,  which  is  included  in  Methanosarcinales)  representing  60-70%  of  the 
total  population.  Lower  concentrations  of  Methanobacteriales  and  Methanococcales  were 
also  consistently  detected.  Methanogen  concentrations  increased  most  dramatically  two 
and  five  months  after  whey  injection  began  in  both  treatment  cells. 

Figure  D-10  illustrates  the  correlation  between  concentrations  of  Dehalococcoides  and 
methanogen  populations  using  FISH  data.  These  data  illustrate  positive  correlations  (R^  = 
0.69-0.81)  between  increasing  concentrations  of  Dehalococcoides  and  methanogens. 
Similar  to  the  qPCR  data,  these  data  suggest  that  under  bioremediation  operations 
conducted  at  Fort  Lewis,  developing  an  environment  that  facilitates  growth  and  activity 
of  methanogenic  populations  also  generates  conditions  conducive  to  the  growth  and 
activity  of  Dehalococcoides. 
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Figure  D-9.  Response  of  Methanogenic  Populations  Using  qPCR  and  FISH 
Following  Biostimulation  with  Whey;  Values  Represent  the  Mean  (n=4  sampling 

points  for  each  treatment  cell) 
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Figure  D-10.  Relationship  between  Methanogenic  Populations  and  Dehalococcoides 
Using  FISH  during  Phase  3  Operations;  Values  Represent  the  Mean  of  Four 
Sampling  Points  for  each  Treatment  Cell 


CSIA  Results 

CSIA  results  are  presented  in  Section  8.6.1  of  the  main  report. 

Discussion 

Molecular  tools  provided  information  on  the  microbial  community  dynamics  as  well  as 
growth  and  activity  of  specific  microbial  populations  of  interest,  such  as 
Dehalococcoides  and  methanogenic  populations.  A  summary  of  the  overall  performance 
evaluation  of  the  tool  to  assess  performance  of  the  ER-0218  demonstration  for  enhanced 
bioremediation  in  a  DNAPL  source  zone  includes: 

•  Community-level  T-RFLP  profiling:  These  data  provided  information 
regarding  the  shift  in  predominant  bacterial  and  archaeal  populations  during 
enrichment  of  a  microbial  community  using  high-concentration  whey  powder. 
While  these  data  can  provide  interesting  scientific  information  regarding 
community-level  dynamics,  including  insights  into  important  interactions 
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among  populations,  they  were  not  necessary  to  make  operational  decisions  at 
Fort  Lewis. 

qPCR  for  Dehalococcoides:  These  data  were  extremely  useful  in  evaluating 
growth  and  activity  of  these  contaminant-degrading  microbes.  First,  high 
initial  concentrations  of  indigenous  Dehalococcoides  that  included  all  three 
reductase  genes  (tccA,  bvcA,  and  vcrA),  followed  by  growth  after  whey 
injection,  provided  evidence  that  the  bioaugmentation  of  the  site  was  largely 
unnecessary.  In  addition,  evaluation  of  specific  strains  of  Dehalococcoides 
that  were  native  to  the  site,  and  not  present  in  the  bioaugmentation  culture 
(those  exhibiting  the  bvcA  gene),  verified  that  native  Dehalococcoides  were 
enriched  during  the  biostimulation.  Evaluation  of  qPCR  data  with  contaminant 
and  geochemical  data  was  very  useful  in  evaluating  conditions  necessary  to 
enrich  and  maintain  a  Dehalococcoides  population  capable  of  efficient 
degradation  to  ethene.  These  data  were  used  to  determine  key  environmental 
factors  that  impaired  contaminant-degrading  efficiency  (i.e.,  pH<6.0).  These 
data  can  be  directly  used  to  define  key  operational  criteria  for  optimization 
and  maintenance  of  an  efficient  bioremediation  strategy. 

FISH  for  Dehalococcoides:  These  data  were  also  very  useful  in  evaluating 
growth  and  activity  of  Dehalococcoides.  FISH,  however,  was  essentially 
redundant  to  qPCR  data.  In  addition,  FISH  has  not  been  developed  for 
reductase  genes  bvcA,  vcrA,  and  tccA,  and  the  technique  is  more  difficult  to 
perform,  requires  relatively  specialized  expertise,  and  is  not  commercially 
available. 

qPCR  for  methanogenic  populations:  These  data  were  very  useful  for 
evaluating  methanogenic  populations.  The  data  suggested  the 
Methanosarcinales  population,  which  contains  populations  capable  of  both 
hydrogen-  and  acetate-utilizing  methanogens,  predominated  the  community. 

A  positive  correlation  was  observed  between  this  group  and  Dehalococcoides, 
suggesting  that  conditions  that  facilitated  the  growth  and  activity  of 
Methanosarcinales  also  facilitate  growth  and  activity  of  Dehalococcoides. 
While  these  data  are  useful  from  a  scientific  standpoint,  they  were  not  used  to 
make  operational  decisions  at  Fort  Lewis.  However,  these  results  are 
consistent  with  Macbeth  et  al.  (2004)  in  suggesting  that  competition  for 
hydrogen  between  dechlorinators  and  methanogens  is  not  a  significant 
concern  for  optimizing  electron  donor  injection  strategies  at  these  particular 
field  sites.  For  Fort  Lewis,  the  use  of  chemistry  data  for  methane  was 
sufficient  to  verify  whether  or  not  methane-producing  conditions  necessary 
for  efficient  growth  and  activity  of  Dehalococcoides  were  present.  Routine 
molecular  evaluation  of  methanogenic  populations  is  likely  unnecessary 
unless  site-specific  conditions  require  detailed  evaluation  of  these  populations. 

FISH  for  methanogenic  populations:  Unlike  qPCR,  FISH  probes  have  been 
developed  to  target  a  wide  variety  of  methanogens,  and  the  evaluation  was 
very  comprehensive  in  terms  of  capturing  a  more  complete  representation  of 
total  methanogenic  populations.  In  addition,  similar  to  qPCR  data,  the  FISH 
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data  suggested  that  Methanosarcinales  predominated  the  methanogenic 
community,  but  went  one  step  further  and  verified  that  within  the 
Methanosarcinales  order,  the  Methanosaeta  family,  containing  primarily  strict 
acetoclastic  methanogens,  predominated.  One  significant  difference  between 
the  FISH  and  qPCR  data  is  that  FISH  data  suggested  that 
Methanomicrobiales,  a  hydrogen-utilizing  methanogenic  population,  were 
nearly  equal  in  number  to  the  Methanosarcinales  in  both  treatment  cells.  This 
may  be  due  to  inefficiency  in  the  DNA  extraction  and/or  primers  used  for 
qPCR. 

•  CSIA:  CSIA  was  useful  in  verifying  biological  degradation  of  contaminants, 
although  the  method  detection  limits  for  VC  and  ethene  were  higher  than 
standard  analytical  techniques.  Therefore,  at  Fort  Lewis,  CSIA  did  not  provide 
information  regarding  the  loss  in  mass  balance  once  cis-DCE  was  converted 
to  VC  and  ethene.  Had  the  monitoring  been  sustained  until  more  of  the  DCE 
was  transformed  to  VC  and  ethene,  it  is  likely  CSIA  would  have  been  able  to 
show  the  mass  balance  in  spite  of  the  fact  that  groundwater  concentrations 
would  not  have  shown  it. 

Seal  Beach 

An  in-situ  enhanced  bioremediation  pilot  test  was  conducted  at  Installation  Restoration 
Program  Site  40  at  Naval  Weapons  Station  Seal  Beach,  California  in  support  of  a 
feasibility  study  for  the  site.  Installation  Restoration  Program  Site  40  includes  a  concrete 
pit  located  in  the  Locomotive  Shop  (Building  240)  and  a  gravel  area  located  north  of  and 
adjacent  to  the  building,  which  are  source  areas  for  a  chlorinated  solvent  plume.  Sodium 
lactate  was  used  to  stimulate  biological  activity,  increasing  the  rate  at  which  PCE  was 
reduced  through  dechlorination  to  TCE,  DCE,  VC,  and  ethene.  The  pilot-scale  test  was 
conducted  in  two  phases.  Phase  I  involved  biostimulation  of  indigenous  bacteria  with 
sodium  lactate.  During  Phase  II,  bioaugmentation  was  conducted  using  a  commercially 
available  dechlorinating  culture.  As  this  work  began  in  2001  (early  in  the  development  of 
bioaugmentation),  MBTs  played  a  critical  role  in  determining  the  role  of  bioaugmentation 
in  facilitating  complete  reductive  dechlorination  of  PCE  to  ethene. 

Dechlorination  Performance  Results 

During  Phase  I,  reductive  dechlorination  was  confirmed,  but  stall  at  cis-DCE  was 
observed  despite  conditions  conducive  to  complete  dechlorination,  including 
methanogenesis  (Figure  D-1 1).  MBTs,  including  PLFA  and  qPCR  for  Dehalococcoides 
spp.,  were  employed  to  determine  if  bioaugmentation  was  necessary.  Based  on  qPCR 
data  indicating  that  Dehalococcoides  was  not  present  at  the  site,  bioaugmentation  was 
performed  at  the  beginning  of  Phase  II.  Shortly  after  bioaugmentation,  cis-DCE 
concentrations  were  reduced  to  low  levels,  and  VC  and  ethene  were  observed. 

Contaminant  mass  balance  calculations  indicated  a  97-percent  DCE  treatment  efficiency 
during  Phase  IT  Not  all  the  treated  contaminant  mass,  however,  was  recovered  as  VC  and 
ethene.  Soil  gas  analysis  (data  not  shown)  indicated  that  significant  concentrations  of  VC 
and  ethene  partitioned  into  the  gas  phase,  but  estimates  of  mass  in  groundwater  and  soil 
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gas  combined  still  did  not  account  for  all  the  degraded  contaminant.  Other  factors,  such 
as  loss  to  the  atmosphere  or  oxidative  degradation  mechanisms  may  have  contributed  to 
the  fate  of  VC  and  ethene. 

Figure  D-11.  Reductive  Dechlorination  Efficiency  during  Biostimulation  (Phase  I) 
with  Sodium  Lactate  Injections  Followed  by  Bioaugmentation  (Phase  II) 
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PLFA  Results 

PLFA  was  used  as  a  general  indicator  for  biomass  growth,  for  changes  in  the  stress 
conditions  experienced  by  bacteria,  and  for  an  overall  estimate  of  the  diversity  of  the 
microbial  community  post-Phase  1  lactate  injections.  Figure  D-12  shows  the  change  in 
biomass  measured  at  several  of  the  monitoring  wells  during  the  pilot  test.  On  the  basis  of 
the  PLFA  results,  all  wells  were  estimated  to  have  fewer  than  3x10^  cells/mL  before 
lactate  injection.  Biomass  increased  by  more  than  an  order  of  magnitude,  to 
approximately  3.5  x  10^  cells/mL,  within  wells  impacted  by  more  than  2  months  of 
lactate  injections,  providing  direct  evidence  of  the  general  biological  growth  in  response 
to  biostimulation.  Where  electron  donor  concentrations  were  highest,  biological  activity 
increased  the  most,  and  where  no  electron  donor  was  observed,  no  increase  in  biological 
activity  was  observed.  Because  the  PLFA  analysis  showed  convincingly  in  Phase  I  that 
biomass  had  in  fact  grown  as  predicted  by  all  the  indirect  indicators  discussed  above 


Appendices  -  40 


(e.g.,  dechlorination  of  PCE  to  DCE  and  shift  to  strongly  methanogenic  conditions),  it 
was  not  repeated  in  Phase  11. 

Figure  D-12.  PLFA-Estimated  Biomass  Levels  at  Seal  Beach 

Biomass  -  Phase  I  (Biostimulation) 
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qPCR  Results 

During  Phase  I,  no  Dehalococcoides  was  detected  using  qPCR  (Figure  D-13),  which  was 
consistent  with  the  lack  of  dechlorination  beyond  cis-DCE.  Phase  II  involved  adding  a 
commercially  available  bioaugmentation  culture  shown  to  completely  dechlorinate  PCE 
to  ethene.  qPCR  results  indicated  that  following  bioaugmentation,  Dehalococcoides 
concentrations  increased  dramatically  as  cis-DCE  concentration  declined  and  VC  and 
ethene  were  detected  in  the  groundwater  and  soil  gas.  In  addition,  qPCR  was  used  to 
track  the  transport  of  Dehalococcoides  within  the  treatment  system  following  injection 
(Figure  D-14).  Dehalococcoides  DNA  was  reported  at  high  concentrations  in  both 
inoculation  wells  (MW-40-22  and  MW-40-25)  immediately  after  inoculation  in  April 
2003.  Dehalococcoides  gene  concentrations  remained  above  10^  gene  copies/L 
throughout  Phase  II.  Three  months  after  inoculation,  downgradient  monitoring  wells 
MW-40-23  and  MW-40-29  were  analyzed  by  qPCR  and  indicated  Dehalococcoides  had 
progressed  4.9  m  downgradient  and  2.5  m  upgradient.  Concentrations  were  initially 
higher  in  MW-40-23,  but  within  1  month  were  equal  in  both  wells  at  about  an  order  of 
magnitude  less  than  the  inoculation  wells,  where  they  remained  for  the  duration  of  the 
test.  MW-40-24  was  analyzed  by  qPCR  after  four  months  post-inoculation,  and 
Dehalococcoides  was  again  detected  indicating  migration  of  Dehalococcoides  12  meters 
downgradient  of  the  inoculation  well. 
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Figure  D-13.  qPCR  Results  for  Dehalococcoides  sp.  16S  rRNA  Gene  Comparing 
Concentrations  at  a  Site  where  Efficient  Dechlorination  Was  Observed  (INEEL) 
and  the  Seal  Beach  Site  where  Cis-DCE  Stall  Was  Observed 
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Figure  D-14.  Concentrations  of  Dehalococcoides  around  the  Bioaugmentation  Well; 
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Quantitative  PCR  Results  for  Dehalococcoides  16s  Gene 


1.E+09 


1.E+08 

1.E+07 

Q. 

ifi 

.2  1.E+06 

Q. 

O 

t  1-E+05 

c 

®  1.E+04 


1.E+03 

Mar-03  Apr-03  May-03  Jun-03  Jul-03  Aug-03 


□  MW-40-22 

□  MW-40-25 
ID  MW-40-23 

□  MW-40-29 
■  MW-40-24 


T-RFLP  Results 

As  discussed  in  Rahm  et  al.  (2006),  the  first  T-RFLP  samples  were  taken  prior  to  laetate 
injection.  At  Seal  Beach,  the  four  profiles  from  July  2001,  one  month  prior  to  lactate 
injection,  were  qualitatively  similar  to  each  other  and  eontained  roughly  the  same 
dominant  peaks.  Four  months  later,  however,  the  site  had  changed  significantly:  a 
fragment  of  approximately  215  bp  appeared  in  soil  borings  (SB)-25  (MW-40-25),  -23 
(MW-40-23),  and  -26  (MW-40-26),  and  peaks  in  the  280-  to  300-bp  region  appeared  in 
SB-25.  Additional  changes  were  observed  in  SB-23,  where  fragments  of  400  and  430  bp 
were  lost  while  a  fragment  of  520  bp  was  detected.  This  shift  in  eommunity  profile  likely 
also  refleets  the  impact  of  lactate  injection.  The  513-bp  peak,  eorresponding  to 
Dehalococcoides  strains,  was  not  detected  as  a  major  fragment  in  any  well;  however,  a 
minor  peak  of  roughly  the  eorrect  size  was  deteeted  in  the  October  sampling  of  well  SB- 
25. 

Conclusions 

•  PLFA  was  useful  in  determining  overall  biomass  levels,  but  did  not  provide 
signifieant  information  that  eould  be  used  to  make  decisions  regarding 
bioremediation. 

•  T-RFLP  was  useful  for  making  rapid  qualitative  comparisons  of  community 
diversity  over  time  and  space.  It  was  not,  however,  effective  at  identifying 
dechlorinating  species,  or  at  providing  an  understanding  of  how  eommunity 
diversity  was  linked  to  degradation  activity. 

•  qPCR  measurement  of  Dehalococcoides  16S  rDNA  provided  the  most 
eonvincing  results  with  respect  to  evaluating  the  suecess  of  the  bioremediation 


Appendices  -  43 


strategy.  The  absence  of  Dehalococcoides  spp.  was  correlated  to  cis-DCE 
stall.  Following  bioaugmentation,  Dehalococcoides  increases  of  several  orders 
of  magnitude  corresponded  to  depletion  of  cis-DCE  with  detections  of  VC  and 
ethene  (although  a  mass  balance  was  not  observed).  In  addition,  qPCR  was 
used  to  track  transport  of  Dehalococcoides  throughout  the  treatment  area  after 
inoculation  through  a  single  point,  which  was  important  for  developing  the 
full-scale  design  of  bioremediation  at  the  site. 
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